A spectroscopic study of halogenated and nitrile substituted hydrocarbons in low temperature inert matrices and other phases by Lewis, Edgar
Jniversity of South Wales"HUH"
2053131
A SPECTROSCOPIC STUDY OF HALOGENATED AND NITRILE SUBSTITUTED 
HYDROCARBONS IN Low TEMPERATURE INERT MATRICES AND OTHER PHASES.
by 
Edgar Neil Lewis B.Sc.(Hons), GRSC
A thesis submitted during October 1984 in part 
fulfilment of the requirements for the award of 
Ph.D degree by the CNAA, describing work carried 
out in the Department of Science at the sponsoring 
establishment:




This work was funded jointly by the Science and Engineering 
Research Council and BP Chemicals Ltd. Sunbury in collaboration 
with the Polytechnic of Wales and the support of each of these 
establishments is gratefully acknowledged.
On a personal note I would firstly like to thank Dr. W.O. 
George (POW) for giving me the opportunity to start this project 
and for his constant interest and guidance to complete it. Thanks 
is also expressed to Dr. W.F. Maddams (BP Sunbury) for his many 
interesting and helpful discussions.
I would also like to thank all the staff at the Polytechnic 
of Wales both academic and technical who have given me advice and 
help throughout the last three years. A special word of thanks is 
due however to all the staff in the Science Dept. for their 
companionship especially Brian Minty for his additional technical 
support.
Finally I would like to thank Alun Williams with whom I 
jointly undertook some of the work described in chapter IV and 
with whom I have had many and varied discussions both of an 
academic and non-academic nature.
A SPECTROSCOP i c STUDY OF HALOGENATED AND NITRILE SUBSTITUTED 




Infrared and Raman spectra of halogenated and nitrile substituted 
hydrocarbons have been studied in various phases including temperatures 
as low as 8 K by isolation in matrices of solid argon or krypton.
In the compounds :-
CH 2 =CH 2 CH 2 =CHD CH 2 =CH(CH 2 ) n -X
where n= 0,1,2 and X= CH 3 , Cl, Br and CEN
comparisons are made between the spectra in the gas and matrix isolated 
phases. The alkene out-of-plane vibrations are sensitive to rotation, 
aggregation and conformational change. The twist and wag modes show 
consistent differences between the gas and matrix phases which are 
discussed in terms of different anharmonicities.
Using a specially constructed temperature control unit evidence 
was obtained for rotation of ethene and ethene-d-, in the matrix.
The spectra of the larger molecules in the gas phase were measured 
(using Fourier Transform methods in some cases ) leading to the 
calculation of rotational constants which corresponded with those 
calculated for particular structures.
Discrimination between various matrix effects is achieved by 
comparing the rate of conversion from high to low energy forms under 
careful temperature control. In acrylonitrile the low energy form is 
the result of an intermolecular effect leading to polymeric aggregate, 
in chloroprene this is an intramolecular effect. Rate constants are 
reported in each case at 500:1 and 5000:1 dilution in argon and 
vibrational assignments are made to various high and low energy forms 
in matrices.
Finally a series of dichloro and dibromohexanes and octanes have 
been prepared and purified and their Raman and infrared spectra 
recorded in the liquid state. A modified manipulative method has been 
developed for introducing these compounds of relatively low volatility 
into inert gas matrices and recording their infrared spectra. 
Assignments of bands are made within a limited range in relation to 
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1. SCOPE or WORK
The work reported in this thesis has used various methods of 
vibrational spectroscopy, particularly infrared studies at very low 
temperatures and in the gaseous state. Also Raman measurements have 
been made when needed. Information is obtained on a series of saturated 
and unsaturated substituted hydrocarbons from these comparative studies 
by vibrational spectroscopy. The saturated molecules, which act as 
model compounds for head to head PVC and PVBr, have been studied using 
dispersive infrared and Raman spectroscopy in various phases, namely, 
matrix isolation, liquid and gas. The unsaturated compounds have been 
studied using both dispersive and Fourier transform infrared 
techniques, particularly in the gas and matrix phases, and a detailed 
study is undertaken on the comparison of spectra in both these phases. 
The matrix isolation technique has also been studied in some detail in 
relation to the multiplicity of bands arising from certain vibrational 
modes in terms of the causes of such splittings, and a means of 
distinguishing between them. Thus comparisons are made over a wide 
range of phase boundaries including gas and low temperature matrix 
isolation in which intermolecular interactions are minimised. Selected 
modes are expected to be very sensitive probes of structural factors 
under these conditions.
2. COMPOUNDS STUDIED
The following comprises of a list of the compounds studied during 
this piece of work, the trivial names are used in some instances with 
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Matrix isolation is a technique for trapping chemical species as 
isolated entities in an excess of an inert host matrix, usually argon 
or krypton, by condensation of the gases at very low temperatures, 
typically 8K, in order to investigate their chemical and physical 
properties usually by spectroscopic means.
The technique has been used in conjunction with a variety of 
spectroscopic techniques i.e. ultraviolet, visible, infrared, electron 
spin resonance, nuclear magnetic resonance etc. (1) and has been used 
to solve problems relating to free radicals, unstable molecules, 
molecular rotation, molecular association, vibrational analysis etc. 
High matrixrsample ratios M/S , typically 1000:1, must be used in 
order that the sample molecules are isolated, under which conditions, 
ideally, the species under study is only subject to matrix sample 
interactions and only spectral features relating to the isolated 
molecule will be apparent.
The technique was first applied in the 1940's for the production 
and trapping of free radicals at low temperatures (2). The matrix 
isolation technique as it is known today, however, was proposed 
independently by Norman and Porter (3) and Whittle Dows and Pimentel
(4). However it was Pimentel who first introduced the term "matrix 
isolation", pioneered its use with infrared spectroscopy (5) and 
pointed out its potential for studying H-bonded species. The 
development of the technique to the present day therefore owes much to 
Pimentel.
(i) APPLICATIONS OF THE TECHNIQUE
The technique has been applied as a means of tackling many 
different types of chemical problems, and various review articles have 
dealt with the general results and applications of the technique, (6- 
17) as well as some specifically aimed at the application of the 
technique coupled with infrared spectroscopy (10,11,17-21). As 
previously stated the technique was originally developed as a means of 
studying free radicals since under these conditions of low temperature 
and isolation the lifetime of the species in question is considerably 
enhanced. Collisions with other radicals is severely restricted by the 
lattice and reactions with activation energies greater than several 
kilojoules are prevented by the cryogenic temperatures. Many different 
transient species have therefore been effectively studied using this 
technique (1,10,12).
A further application of the technique lies in its ability to 
obtain spectra of isolated molecules of metal halides and oxides (22). 
This is done by creating a molecular beam of the material from a 
Knudsen furnace using very high temperatures and then trapping the 
vapour normally in an excess of an inert gas on the cold window. The 
spectra obtained are an improvement over those for conventional 
techniques for studying such species.
The technique has also been employed in a quantitative role in the 
analysis of gas mixtures. Rochkind carried out quantitative analyses of 
both gas mixtures and mixtures of volatile stable molecules by this 
method. The success of the technique in this sphere of work however 
depends on whether the Beer-Lambert law is applicable under matrix 
conditions. Early workers (23-24) studied the applicability of Beer's 
law and found it was obeyed to within ±0.5% . Rochkind(25,6plater 
carried out further quantitative tests for the law and concluded it was 
obeyed to within an accuracy of 5%.
Another application of this technique is its use for studying 
conformational isomerism. The narrow band widths associated with the 
matrix environment allow bands separated by only a wavenumber or so to 
be resolved hence bands arising from different conformers of very 
little energy difference may be identified and a wide variety of 
molecules which display conformational isomerism have been studied by 
this technique (26). Barnes and Hallam (27) have studied the 
vibrational spectrum of ethanol and have made vibrational assignments 
for the t/ian-^ and gauche. conformers on the basis of the small 
splittings observed when this molecule is examined under matrix 
isolation conditions. Huber et al (28) have also applied the technique 
for conformational analysis and obtained a value for the energy 
difference between the conformers of 1,2-dichloroethane by trapping the 
gas phase equilibria at different temperatures.
The technique has also become invaluable in the vibrational 
assignment of stable molecules (1). In general the vibrational spectrum 
obtained for a species in the matrix phase is simpler than in other 
phases the narrow band widths allow the resolution of bands close in 
frequency. As such the technique has been used extensively to study the
vibrational assignment of HC1 (29-34) and many other molecules both of 
an organic and inorganic nature. Barnes and Hallam (35) revised the 
vibrational assignment of methanol given by Van Thiel (36) using this 
technique.
(11) ADVANTAGES
The coupling of the technique with vibrational and rotational 
spectroscopy gives rise to a powerful analytical tool with many 
advantages over conventional systems. The main advantage lies in the 
fact that due to the isolation of each molecule from its nearest 
neighbour in an inert cage intermolecular interactions are greatly 
reduced and as stated previously there is a considerable sharpening of 
solute absorption when compared to other phases. This degree of 
sharpening of absorption bands however becomes less prominent as the 
size and complexity of the guest molecule increases. This may finally 
result in spectra containing little or no extra information than can be 
obtained from the liquid phase.
A further advantage is that with very few exceptions notably 
hydrogen halides and other small molecules such as water ammonia 
etc. (30,37-48) rotation does not occur in matrices and therefore much 
narrower bands than are produced in the vapour phase are obtained by 
this technique. Band width may be as little as one fifth or less than 
those of similar concentrations in the liquid phase resulting in the 
resolution of spectral features separated by as little as 1 cm" 1 . 
Similar advantages can be seen to apply to matrix trapped multimeric 
species, broad bands using normal spectroscopic techniques exhibit 
resolution into bands due to isolated specific homogeneous or
heterogeneous multimeric species such as dimers, trimers etc. yielding 
the further advantage that information may be then obtained with regard 
to their geometry. Furthermore the association process may be 
controlled by careful temperature variation, typically 8-35K for argon, 
such that the rigidity of the matrix is decreased and solute molecules 
are allowed to diffuse through the medium encountering their previously 
trapped counterparts (5). This process may then be monitored 
spectroscopically, yielding far more information than similar studies 
in other phases.
Molecular rotation in matrices may also be studied by similar 
temperature cycling, and bands due to specific rotational levels may be 
seen to increase or decrease in intensity in favour of other specific 
higher rotational levels. At these very low temperatures only the 
lowest rotational levels are significantly populated and for small 
diatomics bands associated with specific rotational levels such as 
R(l), R(0) and P(l) have been identified. An interesting observation 
here however is that rotation only seems to occur in matrices with 
symmetrical trapping sites, such as the noble gases. The important 
point about features due to rotation in matrices is that they are 
easily distinguished from other matrix effects by their temperature 
reversibility. A further advantage of matrix isolating a sample is in 
the ability of the technique to obtain information on hydrogen bonding 
between like and unlike species within the matrix and much information 




Apart from the obvious advantages of the matrix isolation 
technique there are certain drawbacks both as a result of the practical 
requirements and as a direct result of the nature of the technique 
itself.
Due to the sensitivity of the technique to temperature variation 
or instability, and/or atmospheric contamination of either the sample 
or cryotip, rigorous experimental procedures and techniques have to be 
observed in order that meaningful results can be obtained. The highly 
sensitive nature of the technique and complexity of the system in terms 
of stringent vacuum and temperature requirements makes the method both 
expensive and time consuming. Some techniques take months/years to get 
a spectrum.
Disadvantages as a direct result of the nature of the technique 
itself are many-fold, it is assumed that molecular energy levels of the 
trapped species are not significantly perturbed by the matrix 
environment. Perturbations however, do occur and are reflected in a 
wavenumber shift of absorptions when comparing gas and matrix 
frequencies. This is analogous to the solvent shift, except that the 
rigidity of the matrix cage means that forces of repulsion become 
important as well as the forces pertaining to the solvent shift so that 
the matrix shift is given (49) by :-
The term Av£^ in the above equation is the dispersive interaction
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between the host lattice and the guest molecules, and is due to a net 
attractive force as a result of their instantaneous electronic 
configurations. The second term arises as a result of the inductive 
effect of the charge distribution of one molecule induced in another. 
The electrostatic term arises from the interaction of the permanent 
charge distribution of the guest species with that of the host lattice. 
This is zero for the noble gases but not the case for other matrix 
materials. The repulsive term arises from the short-range valence force 
interactions between molecules as a result of the small intermolecular 
distances obtained in the condensed phase. Finally the dynamic 
contribution results from the constrained translational motion of the 
guest molecule.
Various expressions have been proposed for the evaluation of 
these above terms on the basis of idealised models. The semi-empirical 
Lennard-Jones potential (29,50-55) is usually employed to evaluate 
the dispersive and repulsive terms while Friedman and Kimel (56) gave 
an expression for the dynamic contribution to the frequency shift. It 
has been noted that generally high frequency stretching modes shift to 
lower frequency, whereas low frequency bending modes shift to higher 
frequency, particularly in matrices with unsymmetrical trapping sites.
Another feature of the possible interactions with the host lattice 
is that the degeneracy of certain vibrational modes may be lifted and 
inactive vibrations may be induced. For example, an induced 'Q1 branch 
in the spectrum of HC1 in argon as a result of nitrogen contamination. 
In noble gas matrices, however, the interactions and shifts are usually 
relatively small.
Finally it is generally assumed that the condensation process 
freezes out the room temperature or vapour phase equilibrium mixture so
12
that spectra recorded prior to annealing consist of bands due to room 
temperature molecular species and not species which would be present if 
the system were to equilibrate at liquid helium temperatures. This 
however is by no means certain.
Another disadvantage lies in the difficulty in making accurate 
quantitative intensity measurements. The reason for this is that 
although accurate sample concentrations can be obtained and known 
amounts sprayed onto the low temperature window there is uncertainty as 
to how much actually adheres and ends up in the spectrometer beam. Gas 
mixture may be just pumped away or condense on another part of the 
system not in the beam. A further point is that the solute and solvent 
will probably have different freezing points and hence there may be 
preferential "sticking" of one of the components to the window thereby 
producing a different H/S ratio than was originally intended.
A further limitation of the standard technique is that the sample 
must be in the gas phase before deposition, and hence, only samples of 
relatively high vapour pressures at room temperatures can be used. As 
previously stated specialised techniques have however been developed to 
overcome these problems such as high temperature injection systems 
(22).
A major drawback of the technique and the cause of many multiple 
bands arising from a single vibrational mode are what are termed as 
"site effects". The rapid condensation of the sample at these 
temperatures is unlikely to result in an ideal crystalline solid and as 
a result different sample molecules may become trapped in sites of 
differing symmetry, resulting in non-uniform perturbations of 
frequencies. Multiplet bands due to site effects have been observed in
13
many spectra such as the hydrogen halides in N Z , C0 2 and CO (57). 
Many of these site effects however, may be minimised by the use of the 
noble gases since they have symmetrical trapping sites as a result of 
their hexagonal close packed structure in the solid state. However, 
three separate trapping sites may be distinguished namely, an 
interstitial site, a substitutional site and a screw or edge 
dislocation boundary site. The smaller diatomics such as HC1 can occupy 
an interstitial site which has an octahedral hole with a diameter of 
approximately 2A in argon. Larger molecules however must occupy the two 
latter sites, or indeed a partial or total combination of all three, so 
that bands arising from molecules trapped in sites of different 
symmetry pose difficult problems in terms of assignments of vibrational 
modes. The distinctive feature of site effect bands is that their 
relative intensities usually remain unchanged by varying the solute 
concentration, whereas their intensities can be altered by annealing 
the sample, or by varying the deposition conditions. The solute 
absorption bands of molecules trapped in noble gas matrices are, 
however, usually very sharp, implying the trapping sites must be 
fairly well defined.
The phenomenon probably responsible for the most common cause of 
band multiplicity in matrix isolation spectroscopy and hence providing 
one of the main disadvantages the technique has, is unwanted molecular 
association or aggregation which thwarts the entire "isolation" 
principle. Isolation is effectively achieved at M/S ratios of 1000:1 or 
greater and unless true isolation is achieved as far as possible 
frequency shifts of varying degrees may occur as a result of solute 
interactions or complex formation of hydrogen bonding species. 
Molecular association may be distinguished from site effects by varying
14
the concentration of the solute, the result of which is that bands due 
to molecular complexes may be seen to increase or decrease in 
intensity, whereas site effects bands will remain unchanged.
The problems related to the technique are constant ones and are 
only overcome with careful regard to the experimental requirements and 
limitations of the technique.
(iv) MATRix PROPERTIES
Materials available as potential matrix supports are many. The 
suitability of many of these materials for particular experiments 
requires they have certain properties (1,5) if their use is to be 
successful. The properties must be carefully considered in relation to 
the piece of work to be carried out, and the following attributes must 
therefore apply to the majority of useful matrix materials.
(A) INERTNESS
The matrix support must not react with the solute. This is an 
obvious requirement for the vast majority of experiments likely to be 
carried out, since solute solvent interactions must be kept to a 
minimum if the vibrational spectrum of the guest molecules is to be as 
representative of the "isolated" species. The construction of a matrix 
such that it reacts with the guest molecules is another facet of the 
technique and constitutes special types of experiments. For most 
purposes therefore the noble gases are ideal matrix materials since 
they can be considered chemically inert for all solutes.
15
(B) RiGiDiTY
Rigidity of the matrix is of prime importance since the ultimate 
goal of the technique is to isolate the sample molecules. If this 
prerequisite is not fulfilled diffusion may be able to take place 
through the medium leading to the ultimate breakdown of the technique 
by the formation of aggregated species.
The rigidity of the matrix is of prime importance and is then 
highly dependent on the melting point of the materials to be used. 
Various workers (58-59) have given a guide to the minimum value for the 
melting point of the matrix material as approximately twice the 
temperature at which the temperature of the experiment is to be 
performed. This leads to what has become known as Tammann's rule, which 
relates the temperature at which diffusion through the medium becomes 
appreciable to the melting point of the matrix material.
T^ = 0.57 T m 
Where T./ is the temperatureOM-H^IU-V^ orryvj=iri and T m is the melting
tt, ' lit
point of the matrix material. This is obviously only a rough guide, 
since diffusion increases gradually as the temperature rises and does 
not suddenly occur at any one specific temperature. These temperature 
requirements therefore limit the number of materials usable by 
different types of cryostat.
(c) VOLATILITY
The matrix material and solute are mixed in the gas phase and then 
deposited onto the cold window, this means therefore that the host 
material as well as the sample must have a reasonably high vapour 
pressure at ambient temperatures to allow it to be easily handled. On
16
the other hand once deposited the sample mixture must have a 
sufficiently low vapour pressure at the base temperature so that the 
vacuum may be maintained (5). This therefore, in theory, gives an upper 
limit as well as a lower limit to the volatility of the matrix support, 
although in practice the limitations are rigidity rather than vapour 
pressure.
(p) PUR i TY
It is essential that the matrix material should be of high purity 
since several non-reproducible spectral features have been attributed 
to the presence of impurities introduced into the lattice (60-61) 
either as a result of poor vacuum technique or contaminated matrix gas.
VlBRATIQNAL SPECTRUM
With the high M/S ratios necessary for isolation fairly thick 
films have to be deposited to achieve solute bands of sufficient 
intensity. Therefore any solvent absorption bands in the region of the 
solute absorptions will ultimately mask the bands of interest and even 
weak modes may interfere greatly. It then becomes a very important 
feature of matrix support materials that they are transparent in the 
spectral region in which the experimental studies are to be carried 
out. The thick films also cause a high degree of scattering of the 
spectrometer beam and as a result sets an upper limit to the M/S ratio 
achievable. High ratios require the deposition of thicker layers 
producing matrices with low transmittance qualities. Ultimately the 
more "transparent" the matrix the greater will be the throughput of the 
energy from the spectrometer beam resulting in the production of 
superior spectra as a consequence of enhanced signal to noise ratio.
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(F) THE LATENT HEAT OF. FUSION
This is a measure of the amount of heat to be removed from the 
cryotip on condensation of the mixture to form a matrix and must 
ideally be as low as possible. The amount of heat dissipated on 
condensation also depends on the rate of deposition and must not exceed 
the cooling capacity of the cryostat otherwise the temperature of the 
sample area may rise and permit diffusion to occur.
(G) LATTICE ENERGY
This is a measure of the energy needed to form a lattice at OK and 
is therefore related to the energy needed to remove a molecule from its 
place in the lattice, i.e. diffuse. For the most commonly used matrices 
(noble gases) the lattice energies are small and hence the interactions 
between the matrix and solute molecules isolated in the matrix is 
small.
(H) THERMAL CONDUCTIVITY
This is of considerable importance in the choice of a matrix 
material. Gas impinges on the cold window at room temperature and so 
during initial condensation the heat is removed through the window and 
finally the cold tip. However, as the layer of deposited sample begins 
to grow the heat from the sample now being deposited must be removed 
initially through the lattice itself. If the thermal conductivity of 
the matrix material is poor, some degree of local heating may occur 
with detrimental effects on the quality of the lattice formed. 
Secondly, local heating may cause some degree of surface diffusion to 
occur enabling sample molecules to aggregate with the ultimate loss of 
isolation. Good thermal conductivity of the matrix material is 
therefore an essential quality, although it will be intrinsically
18
linked to the deposition rate and the cooling capacity of the cryostat. 
Deposition rates which require a cooling capacity the cryostat is 
unable to meet will inevitably cause some degree of local heating and 
hence surface diffusion regardless of the thermal conductivity of the 
material in question.
(v) MATRix DEPOSiTiON
Several factors play an important role in the attainment of the 
optimum conditions for good matrix isolation technique.
Matrix ratio is a very important factor, the degree of isolation 
is very much determined by this factor alone. Low ratios will 
inevitably lead to some degree of association as two species become 
trapped in contact with each other simply as a function of the 
probability of this event occurring. High ratios are therefore 
desirable usually 1000:1 or greater (62) although the actual M:I ratio 
for complete isolation will depend on the type of sample being used.
The deposition rate and/or technique are other factors. As 
previously described the rate of deposition must not be such that it 
imposes a load on the cryostat's cooling capacity it cannot possibly 
meet so that local heating will occur. Deposition rate is therefore 
usually a compromise between minimising local heating and minimising 
contamination possibilities both of which are opposing factors. Two 
methods have been devised to deposit the sample, namely, slow spray-on 
(SSO) and pulsed matrix isolation (PMI) developed by Rochkind (63-64). 
In the SSO method the sample is deposited as a slow continuous stream 
of gas using a needle valve, whereas the PMI technique uses a series of 
discrete pulses of sample applied over a period of several minutes,
19
allowing each sample to condense before the next is applied. Both 
techniques have their advantages and disadvantages. Perutz and Turner 
(65) advocated deposition of the sample by pulsing (PMI) and stated 
that this method resulted in less association than SSO coupled with 
fewer contamination possibilities as a result of the speed of 
deposition. More recent work however, on acrylonitrile (66) has shown 
that aggregation features are decreased and indeed may be entirely 
removed by SSO of dilute samples providing good experimental conditions 
are maintained.
The third parameter is the deposition temperature. This must 
ideally be as low as possible so that the solid film is quickly formed, 
rigid, and not highly scattering. As a general rule the deposition 
temperature should be well below half the melting point of the matrix 
material (11). The temperatures usually employed fall between 4 and 
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All matrix spectra were recorded on a Perkin-Elmer 580B ratio- 
recording spectrophotometer occasionally attached to a Perkin-Elmer 
Data Station which allowed for computer enhancement of poor quality 
spectra from samples of low volatility. Liquid spectra of the model 
compounds for head to head PVC and PVBr were recorded on a Perkin-Elmer 
ratio- recording 457 spectrophotometer (B.P. Sunbury) while the gas 
spectra were either recorded on a Perkin-Elmer 580B spectrophotometer 
or a Nicolet 7199B Fourier transform infrared spectrophotometer (B.P. 
Sunbury).
Liquid spectra were recorded as thin films using NaCl plates 
whereas gas spectra were obtained at various pressures using a 10 cm 
gas cell with KBr windows. The gas cells were filled using vacuum 
handling techniques on a vacuum line described later. Gas spectra 
recorded using the Fourier transform instrument gave far superior 
resolution and hence more accurate frequency measurements. This was a 
necessary prerequisite for calculations of rotational constants from 
rotational fine structure which agrees with those constants derived 
from molecular parameters. Calibration of the two dispersive infrared
22
instruments was carried out periodically using standard procedures 
recommended by IUPAC Commission on Molecular Structure and Spectroscopy 
(67). The resolution available using the 457 was approximately 2 cm , 
and using the 580B 0.5cm" 1 . The accuracy of these instruments was 
believed to be ±(2-6) cm" 1 and ±(0.5-1.0) cm" 1 respectively.
2*. RAMAN SPECTRA
All Raman spectra were recorded in the liquid phase at room 
temperature in sealed sample bottles using an Anaspec Model 33 Raman 
spectrometer (B.P. Sunbury) with an Argon Ion Laser. Laser lines at 
514.5 nm and 457.9 nm giving between 20 and 100 mW power were used to 
obtain spectra recorded between 3200-2700 cm" 1 and 1700-100 cm" 1 at a 
scan speed of 100 cm min 1 .
i. MATRix I SPLATiON
All the compounds studied in the present work have had infrared 
spectra recorded using the matrix isolation technique. The apparatus 
needed to produce suitable matrices for study using this technique 
consists fundamentally of three distinct parts, the cryostat, the 
service trolley and the high vacuum line.
(i) CRYOSTAT
There have been several different types of cryostat on the market 
using different methods of obtaining the very low temperatures 
required. Early systems used single-Dewar cryostats which were 
replaced by double-Dewar cryostats (68-69). Later systems used the 
Joule-Thomson effect and employed open-cycle cryostats (70-72). These 
cryostats were not only expensive to use since large amounts of
23
hydrogen were consumed for each experiment but also suffered from 
other drawbacks. Firstly hydrogen gas is potentially explosive and 
hence rigorous safety precautions have to be observed during its use. 
Secondly the minimum temperature available using these systems is only 
20 K.
Later cryostats and the cryostat used throughout this work are 
known as closed-cycle cryostats and operate by the Stirling 
refrigeration cycle (73). Closed-cycle cryostats are extremely 
efficient and able to run for prolonged periods with little or no 
maintenance. They are much lower in running costs than their open- 
cycle forerunners since there is no continued expenditure for 
refrigerant gas, the reservoir needs only occasional topping up. They 
are also far safer since they employ helium gas instead of hydrogen and 
also have greater refrigerating power, the base temperature is 
approximately 8 K.fligh purity helium is always used with the system 
because trace impurities in the refrigerating gas will solidify at 
these low temperatures causing a blockage and the ultimate failure of 
the displex.
The system used during this work was the Air-Products CS-202 
displex. An idea of the mode of operation of the closed cycle system 
can be obtained by a step-by-step description of one complete cycle 
since the process is repeated in both stages.
The gas is first of all compressed and then the high pressure gas 
flows through the regenerator where it is cooled to the refrigeration 
temperature. The displacer then moves towards the warm end as gas 
bleeds out of the orifice into the surge volume (Fig.l). Before it 
reaches the warm end the inlet valve is opened and the expanding gas
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in the cold volume leaves at a lower temperature than the entering 
temperature hence refrigerating and cooling the regenerator matrix as 
it flows out. During this phase of the cycle, the warm volume pressure 
drops and the displacer moves toward the cold end as gas begins to flow 
back through the orifice from the surge volume.
The displacer moves toward the cold end at constant velocity as 
gas continues to bleed through the orifice from the surge volume and 
the cold gas flows out through the regenerator. The exhaust valve is 
shut before the displacer hits bottom,thus achieving a partial 
recompression and also decelerating the displacer. The displacer 
remains at the cold end for a brief period while the gas pressure in 
the warm volume increases. The cycle is then repeated. Work energy 
which is dissipated to heat by throttling in the orifice is removed by 
heat exchange with the exhaust gas as it leaves the unit.
(ii) THE SERVICE TROLLEY
The service trolley acts as a unit for mounting the matrix 
isolation cryotip and also carries all the necessary equipment for 
evacuating the cryotip shroud and delivering the sample to the cold 
window.
The cryotip itself is constructed of stainless steel and together 
with the sample holder is surrounded by a vacuum shroud and a radiation 
shield (Fig.2). The shroud is fitted with two KBr windows and a 
stainless steel capillary tube through which the sample passes prior to 
deposition on the cold window. The sample holder contains the cold 
window (Csl or Si), which is approximately 25mm X 3mm. This is the 
surface onto which the samples are actually deposited. Indium gaskets
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Fig.2.
Cold end of cryotip assembly 
with Csl window
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are used to both embed the window in the holder and embed the sample 
holder into the cold tip itself. The use of Indium gaskets ensures 
good thermal contact between the window and cold tip and hence 
maintains the sample at the lowest possible temperatures. The 
temperature is monitored and controlled by two iron doped vs chromel 
thermocouples and a heating element on the cold tip which are attached 
to an external purpose built temperature control unit (Fig.3) 
constructed at the Polytechnic of Wales. Temperature control between 
8 K and SQKcan be maintained to within ±0.5 K.
The stainless steel shroud is evacuated to low pressures by a 
combination of Edwards rotary and oil diffusion pumps coupled with a 
liquid nitrogen cold trap. Pressures are monitored using Pirani and 
Penning gauges, and pressures lower than 10~ 6 Torr are attained within 
the vicinity of the cold tip. The air external to the cryotip and in 
the spectrometer beam is purged of water by the use of a second shroud 
so constructed to totally encapsulate the cryotip and isolate it from 
the surroundings. Air inside the shroud is dried by circulating it 
through a molecular sieve.
The sample deposition system (Fig.4) consists of a 3 litre bulb of 
mixture mounted directly over the cryotip via an evacuable manifold, a 
10 cm3 pulsing bulb, a needle valve separated by suitable taps and a 
length of thin stainless steel tubing. This terminates within the 
cryotip as a fine capillary tube perpendicular to the Csl window 
approximately 1 cm from the centre. The capillary tube was positioned 
to allow spectra to be recorded during sample deposition and to cause 
minimum cut-off to the spectrometer beam. This arrangement permitted 























by only changing tap or needle valve positions.
(MI) THE HIGH VACUUM LINE
The gas handling line is a multi purpose system for evacuating and 
filling infrared gas cells evacuating and mixing matrix isolation 
samples in sample bulbs and evacuating the sample deposition system 
(Fig.4). The line is constructed in Pyrex in a cyclic arrangement 
evacuated by two identical pumping stations consisting again of Edwards 
rotary and oil diffusion pumps coupled to liquid nitrogen cold traps. 
The cyclic arrangement enables continued use of the vacuum line even in 
the event of failure or breakage of any part of the system. The taps on 
the vacuum line are mostly greaseless high vacuum taps with inert 
Teflon seals. Greased taps proved unreliable due to the nature of the 
samples used, the sample vapours dissolved the vacuum grease and caused 
the system to leak. High purity inert gas, argon or krypton, (99.999%) 
is always used and introduced into the line from a cylinder via a 
pressure regulator and finally a needle valve. Pressure measurements on 
the vacuum line are carried out using a mercury manometer with the 
surface of the mercury covered by a layer of diffusion pump oil to 
prevent the possible contamination of samples by mercury vapour. All 
peripheral equipment such as the manometer and the gas cylinders are 
connected to the vacuum line via stainless steel high vacuum flexible 
lines with glass-metal interfaces connected by Edwards high vacuum 
coupling flanges using Viton 'O 1 rings.
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Fig.4. Equipment for recording infrared spectra by matrix isolation










P - Pumping Stations; Cold trap, Penning, Pirani, Diffusion, Rotary Pump
A - Inert Gas Supply
M - Manometer or transducer
C - Cylinder - Sample Gas
S - Sample- Liquid
B - Bulb Detachable
T - Two-way trap
V - Pulsing volume
N - Needle Valve
W - Window-CsI (in Cryostat)
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(iv) SAMPLE PREPARATION AND DEPOSITION
The technique for sample preparation is devised so as to yield a 
sample which excludes extraneous material as far as possible. Samples 
are redistilled and dried using a suitable drying agent usually CaSQ^• 
The vacuum handling line and sample bulb (Fig.4) are evacuated to high 
vacuum (< 10~ 5 torr) using the pumping arrangement described 
previously. The use of a mercury manometer and simple pressure/volume 
calculations allows the trapping of known amounts of sample in a bulb 
using liquid nitrogen and the subsequent dilution with a large excess 
of inert gas, this results in the production of accurate samples of 
any concentration,the upper limit of which is determined only by 
spectrometer transmission requirements. That is, high dilution factors 
require the deposition of more sample in order to produce adequate band 
intensity, simultaneously producing a matrix with poor transmission 
qualities. However, quality spectra have been produced to date with 
diluent sample ratios of up to 10000:1 with an average diluent sample 
ratio of 1000:1.
The cryotip is also highly evacuated ( 10 6 torr) and the window 
cooled to 8-10 K as measured by two thermocouples at either end of the 
window. The cryotip must also be highly evacuated the reasons for which 
are two-fold, firstly to prevent contamination of the sample by 
atmospheric condensation and secondly to prevent heat leaks by 
conduction losses through the air inside the shroud both of which must 
be kept to an absolute minimum. The prepared sample can then be 
transferred to the sample deposition system (Fig.4) and the space 
between the sample and the cryotip also highly evacuated. Using the 
needle valve to control flow, SSO spectra can be obtained over a period 
of up to 24hrs. at a rate of as little as 1m Mole/hr. Using the pulsing
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bulb with the needle valve open, a number of discrete pulses of the 
sample (10 cm 3 at 450 torr) can be applied. Annealing can be carried 
out by slowly warming up the matrix whilst rapidly scanning a selected 
region. As soon as some change is observed (typically 35-40K), the 
matrix is re-cooled to 8-10 K and the spectrum re-recorded. The 
temperature control unit described earlier also allows for the 
indefinite maintenance of any temperature between 8 Kand 50 Kaccurately 
so that reversible temperature dependent spectral features can be 
examined at leisure.
4. THE SYNTHESIS OF MODEL COMPOUNDS FOR HEAD TO HEAD 
PVC AND PVBr
The synthesis of model compounds for head to head PVC and PVBr, 
notably meso-2,3-dichlorohexane, meso and d,l-3,4-dichlorohexane, meso- 
4,5-dichlorooctane and the corresponding brominated species, is carried 
out by the addition of either chlorine or bromine across the double 
bond of an appropriate olefin using a halogenating agent namely 
tetrabutyl ammonium iodotetrachloride synthesised from tetrabutyl 
ammonium iodide (74).
(C4H9 ) 4NI + 2C1 2 —— > (C4H9 ) 4NIC14 
(C4H9 ) 4NI + 2Br2 —— » (C4Hg)
C6H12 + ( C4 H9>4NIC1 4 ——— > (C4H9 ) 4NIC1 2
C6H12 + ( C4H9 ) 4NIBr4 ——— * (C4H9 ) 4NIBr2
CgH14 + (C4H9 ) 4NIC1 4 —— > (C 4Hg ) 4NICl 2
CgH14 + (C 4H9 ) 4NIBr4 —— > (C 4H9 )
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(1) trans-2-hexene———> meso-2,3-dichlorohexane/dibromohexane
(2) Trans-3-hexene ———> meso-3,4-dichlorohexane/dibromohexane
(3) cis-3-hexene ———>d,1-3,4-dichlorohexane/dibromohexane
(4) trans-4-octene ——^ meso-4,5-dichlorooctane/dibromooctane
METHOD
To a flask containing a mechanical stirrer tetrabutyl ammonium 
iodide (70 g.) is dissolved in chloroform (500 ml.). Chlorine gas 
is then passed slowly through the solution (2 hrs.) with the 
formation of a yellow precipitate tetrabutyl ammonium 
iodotetrachloride. A similar arrangement using liquid bromine dissolved 
in chloroform and added dropwise yielded the bromo analogue. Both 
compounds are extracted and dried. Elemental analysis on both products 
concurred with the expected empirical formulae.
The halogenating agents (20 g.) are then dissolved in 
dichloromethane (30 ml.) and added to the various olefins (2 g. in 10 
ml DCM). The resulting mixtures are then allowed to react in the 
dark for 3 days ( light decomposes the halogenating agents). The 
solvent is then evaporated and the remainder extracted with diethyl 
ether (3 x 50 ml.). After evaporation the product is distilled under 
reduced pressure. Analysis of all products by GLC showed between 94% 
and 99% stereospecific purity in all cases.
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JL_ THE SYNTHESIS OF 4-CYANOBUT-1-ENE
The synthesis of 4-cyanobut-l-ene (75) is carried out in two 
distinct stages. Firstly t-butyl cyanoacetate and allyl chloride are 




CH2=CH-CH2 -C1 + CH 2 —————————————————> CH2=CH-CH2 -CH
SCOOC(CH3 ) 2 \OOC(CH3 ) 2
The t-butly allylcyanoacetate is then cleaved in the presence of 
/?-toluene-sulphonic acid yielding the required product.
CN 
/ />-TS
CH 2=CH-CH2 -CH ——————————————————————^ CH2=CH-CH2 -CH2 -CN
\!OOC(CH3 ) 2
METHOD
To a 2 litre three necked flask, fitted with a mechanical stirrer, a 
reflux condenser and a dropping funnel is added sodium hydride 
(9.0 g.) covered with redistilled 1,4-dioxane (750 ml.). To this is 
added dropwise t-butyl cyanoacetate (42.3 g.) over a period of five 
minutes, after the sodium hydride is consumed allyl chloride (23 g.) is 
added over a period of several minutes and the mixture refluxed for 
three hours with the stirring continued for a further thirty hours. The 
dioxane is then removed and the remainder poured into water (200 ml.),
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the water is then extracted with ether (3 x 100 ml.). The combined 
ether extracts are then dried over sodium sulphate. Fractionation gives 
the main product with bp. 55-56°C/0.15 mm Hg. Into a distillation 
flask is placed t-butyl allylcyanoacetate (18.Ig.) with /?-toluene- 
sulphonic acid (0.1 g.) and heated to 170"c. During the decomposition 
the product distilled, bp.138-139°C/760 mm Hg.
6*. PUR I F I CAT I ON OF SAMPLES
The following is a list containing the sources and means of 
purification of those samples used, but not prepared, throughout this 
piece of work. They were either obtained on a commercial basis or 
supplied courtesy of B.P. Chemicals Ltd.
Argon :- BOC Ltd. (99.999%)
Krypton :- BOC Ltd. (99.999%)
Acrylonitrile :- Aldrich Chemical Co. (99%)
Vinyl Bromide :- Aldrich Chemical Co. (98%)
Allyl Bromide :- Aldrich Chemical Co. (98%)
Allyl Cyanide :- Aldrich Chemical Co. (98%)
4-bromobut-l-ene :- Aldrich Chemical Co. (99%)
Pent-1-ene :- Aldrich Chemical Co. (99%)
Ethene :- BDH Chemicals (99.8%)
Propene :- BDH Chemicals (99%)
But-1-ene :- BDH Chemicals (99%)
Allyl Chloride :- BDH Chemicals (99%)
4-chlorobut-l-ene :- ICN Pharmaceuticals Inc. (99%)
Ethene-di .- MSD Isotopes (99%)
Chloroprene :- BP Chemicals Ltd.(50/50 with xylene)
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Vinyl Chloride :- BP Chemicals Ltd.
All Samples were purified on the vacuum line by repeated trap to trap 
distillation and dried over CaSO<t. Samples which had a tendency to 
polymerise while on the vacuum line were stored in darkened tubes.
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COMPARISON OF MATRIX ISOLATION AND GAS SPECTRA 
BETWEEN 900-1000CH- 1
JL_ INTRODUCTION
This section of the work will attempt to compare the matrix 
isolation spectra with the gas spectra for a series of 
terminally substituted alkenes. In order to do this, however, an 
understanding of the vibrational and or rotational transitions which 
can or do occur in both these phases is a necessary requirement.
The matrix isolation technique aims to simplify spectra by, 
amongst other things, restricting any rotation of the sample molecule 
by holding it in what may termed a pseudo gas phase. However, some 
molecules can freely rotate in certain matrices while others can 
exhibit partial or hindered rotation. HC1 can freely rotate in an argon 
matrix (32,76) so that even completely isolated molecules show several 
ir bands due to rotational fine structure. In order to develop a firm 
basis for this work we have made comparisons with the diatomic system 
HC1.
2. GENERAL THEORY FOR A DIATOMIC MOLECULE
Matrix isolation studies of HC1 have been carried out by various 
workers (1,32,76) and all have been able to identify bands arising from
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vibration-rotation transitions occurring within the matrix as well as 
bands arising from various aggregates (dimer,trimer,tetramer). Bands 
due to aggregation may be successively removed by increasing the 
dilution of the matrix and/or extending the spray-on time (Fig.5), 
however bands arising from the free rotation of HC1 in the matrix 
persist. To aid in the understanding and interpretation of these bands 
it is necessary to first consider the theory behind the vibration- 
rotation transitions of a simple diatomic molecule in the gas phase.
The band assigned to the fundamental stretching mode in a simple 
heteronuclear diatomic molecule in the gas phase shows fine structure. 
This structure is due to simultaneous changes in vibrational and 
rotational energy levels (Fig.5). The values of the energy levels 
associated with these transitions may be calculated on the basis of the 
Born-Oppenheimer approximation which expresses the vibration energy
Ew ... as the sum of the component vibrational and rotational energies E, 7 v / u v
and E T respectively i.e. u
EV,J = EV + EJ
The energy level values from the solution of the Schrodinger wave 
equation, taking into account anharmonicity and centrifugal distortion, 
are as follows :-
EW T ' 3 (V+i) - V X_(V+J) 2 + BJ(J+1) - DJ 2 (J+l) 2
V f J S C C
where B = h/8u2 I c
where V> e i s the equilibrium vibrational frequency, V is the 
vibrational quantum number, J is the rotational quantum number I B is
40
the moment of inertia about an axis perpendicular to the principal axis 
and passing through the centre of gravity, \e is the anharmonicity 
constant, B is the rotational constant, D is the centrifugal distortion 
constant, h is Planck's constant, and c is the velocity of light, ~ 
indicates the units are cm" 1 . These energy levels are shown in Fig.5. 
The selection rules Av=±l, Aj=±l govern the transitions which are shown 
as P, Q and R branches. If 5 is small and BQ=BI=B the wavenumber values 
of the R branches for transitions from energy levels J 1 are :- 
VR = V£ (1 - 2 xe ) + 2 B (J' + 1)
and P branches :-
Vp = V£ (1 - 2 xe ) - 2 B J'
So far we have assumed that vibration and rotation can proceed 
quite independently of each other. If the vibration is simple 
harmonic the mean bond length will be the same as the equilibrium bond 
length and will not vary with vibrational energy, but in the case of 
anharmonic vibrations an increase in vibrational energy will lead to an 
increase in the average bond length.
From the theory and general observation we establish that the Q 
branch (Av=+l,Aj=0) is a forbidden transition and is therefore inactive 
in the matrix phase. The main band occurring in the matrix spectra 
(2889cm"" 1 ) is therefore not a pure vibrational transition but a 
vibration-rotation termed R(0) where the selection rules are Av=+l, 
AJ=+1 (fig.5). Other vibration-rotation transitions have also been
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identified (1,7) such as R(l) and P(l) along with vibrational- 
rotational transitions associated with the enriched isotope ( Cl). 
Higher rotational levels are highly improbable due to their collapse at 
the very low temperatures under which these measurements were made 
(8K). The occurrence of a band at 2865cm~ 1 associated with the 
"forbidden" Q branch has been shown to arise from the non-rotating 
molecule being perturbed by complex formation with a nitrogen impurity 
in the matrix (37,77).
3. GENERAL THEORY FOR THE OUT-OF-PLANE VIBRATIONS 
OF A VINYL GROUP
A vinyl group has three out-of-plane vibrations of which the twist 
and wag have been well characterised by empirical correlations (106) 
and normal coordinate calculations (108). In the simplest case of one 
alkyl substituent R the twist and wag have the following approximate 
forms and ranges :-
H H H H
Nc-cX Xc=c'
/ —— \ / N 
/
960 - 980 900 - 920 cm" 1 
Substituted alkenes are asymmetric rotors and require an extension
of the theory developed for diatomic molecules for the vibrational- 
rotational transitions allowed. For asymmetric rotors three types of 
band contours are recognised termed A,B and C depending on whether the 
dipole moment change is principally along the direction of one of the 
three axes (78,79). If the A and B axes are in the plane of the vinyl
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group out -of -plane vibrations will involve a change in dipole moment 
along the C axis.
The separation between the maxima P,Q and R branch envelopes in 
the vibrational spectra will depend on the values of the three 
rotational constants which relate to the three moments of inertia about 
the respective principal axes in increasing order of magnitude
where:- A = h /8ir 2 I c ; B = h /8ir 2 IB c ; C = h /8TT 2 I c
The molecules considered here have values of rotational constants 
A, B and C which are different and are therefore termed asymmetric 
rotors. However, if two of these constants are approximately equal, 
the molecule may be classed as an accidental symmetric rotor and may be 
treated as such. There are two limiting cases, one in which Ig=I,-. 
(prolate symmetric top) and one in which IA = I B (oblate symmetric top). 
All the molecules for which calculations have been carried out in this 
work in order to establish rotational constants have been treated as 
accidental prolate symmetric tops i.e
A measure of how closely the molecules studied throughout the 
context of this piece of work approximate to symmetric tops may be 
obtained by calculating kappa (K) from the three rotational constants 
derived from the molecular geometry.
K . 2[I - i (A + C)]
A - C
This is a useful term since it varies from -1 for a perfect
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prolate symmetric top to +1 for the equivalent oblate symmetric top 
with values in between these two extremes for molecules with varying 
degrees of symmetry with respect to the above considerations.
Since we have two different rotational constants we need two 
quantum numbers to describe the degree of rotation, one for I- and one
f\
for I B or I c . However, it turns out to be very convenient 
mathematically to have a quantum number to represent the total angular 
momentum of the molecule which is the sum of the separate angular 
momenta about the two different axes. This is usually choosen to be the 
quantum number J. It is then convention to use K to represent the 
component of this angular momentum along the unique axis of the 
molecule.
Both J and K must by the conditions of quantum mechanics be 
integral or zero. The total angular momentum governed by J can be as 
large as is possible, limited only by the theoretical possibility that 
a real molecule will be disrupted at very high rotational speeds. K is 
however rather more limited since it cannot take a value which is 
greater than J governed by the total angular momentum. If we take the 
case of a rigid symmetric top (ignoring centrifugal distortion), the 
Schrodinger equation may be solved to give the allowed levels for 
rotation as :-
E_ v = BJ (J + 1) + (A - B) K2
J y K.
The selection rules associated with transitions between these 
allowed energy levels depend on whether the transition is 
parallel or perpendicular to the top axis. The present work is 
concerned with the out-of-plane alkene vibration-rotation transitions 
of accidental prolate symmetric tops and hence the selection rules are
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those which apply to perpendicular transitions :- 
i.e. Av = ± 1 , Aj = 0, ± 1 , AK = ± 1
hence:- P branch lines AJ = +1 AK = ±1
Q branch lines Aj = 0 AK = ±1
R branch lines Aj = -1 AK = ±1
We see then that this type of vibration gives rise to many sets of 
P and R branch lines, since for each J value there are many allowed 
values of K. The wings of the spectrum will then be quite complicated 
and will not normally be resolvable into separate lines. The Q branch 
is also complex since it too will consist of a series of lines (Fig. 6) 
on both sides of V Q separated by 2(A-B) cm~1 If A»B the Q branch lines 
will be separated and will appear as a series of maxima above the P,R 
envelope. These lines are represented by :-
Vsub = v + (A f - B 1 ) ± 2 (A 1 - B 1 ) K + [(A 1 - B 1 ) - (A" - B")] K2 
o o L J
where A' and B 1 are the rotational constants in the ground 
vibrational state and A" and B" are the rotational constants in the 
excited state. It can be seen that by fitting Q branch frequencies to K 
values,(80) that values of (A'-B 1 ) and (A"-B") can be evaluated 
according to the equation using :-
Q = a ± bK - cK2 
where a = VQ + (A* - B 1 )
b = ±2(A' - B 1 ) 
and c = [(A f - B') - (A" - B")]
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Fig.6. Energy levels for the Qbranch of a perpendicular 




















a computer programme has been written which returns a, b
and c for a series of values for Q and K. The values of (A'-B 1 ) 
obtained by this method can then be directly compared to the values 
obtained from a computer program which returns the principal moments of 
inertia the rotational constants and hence kappa directly from the 
molecular geometry (CART PROGRAM).
The theory outlined here relating to accidental prolate symmetric 
top molecules and the subsequent values obtained from calculations 
linking proposed geometrical structures to those which fit 
experimental data can be applied in aiding comparisons between spectra 
obtained in both the gas and matrix phases for the following families 
of substituted olefins. The comparisons drawn may then also aid in the 
interpretation of some of the secondary features apparent when these 
species are studied in an argon matrix at very low temperatures.
4. VINYL SERIES
The vinyl compounds all show strong sharp bands in both the gas 
and matrix phase in this region corresponding to the twist (higher 
wavenumber) and the wag (lower wavenumber) The gas spectra show the 
characteristic patterns associated with perpendicular bands of 
symmetric tops and hence display rotational fine structure in all 
cases. Thecalculation of (A'-B g ) from the spectra, assuming the 
prolate symmetric top model, appear to be in good agreement with (A 1 - 
B 1 ) calculated from the geometry (Table I) and those values calculated 
for vinyl chloride and vinyl bromide by other workers (80-82). The 
values derived for kappa vary from -0.98 to -0.94 and shows that these 
molecules do approximate very closely to prolate symmetric tops. It may 
















































not as symmetrical as the equivalent bands for the other members of the 
series (Fig.7-10). This is probably due to the presence of conformers 
as a result of the axis of rotation around the methyl group. The methyl 
group may be staggered or eclipsed with the plane of the molecule.
Comparison of rotational constants calculated for both these 
geometries with those derived from spectral data suggests that the 
lower energy staggered conformer is probably the predominant form at 
room temperature although the difference between the values obtained 
for both forms is very small.
For the comparison of the gas with the matrix spectra it may be 
noted that the pattern of band shift is the same in all cases. The 
bands arising from the two out-of-plane modes in the gas phase appear 
to be "inside" the matrix bands, hence, the wag is shifted to lower 
wavenumber and the twist to higher wavenumber in the matrix phase 
(Table 2). This means that Av is positive for the twisting mode and 
negative for the wagging mode in all cases where :-
Av =
The negative frequency shift obtained for the wagging mode in the 
vinyl series is unusual in that frequency shifts for bending vibrations 
are usually to higher wavenumber. This anomalous frequency shift may be 
a function of the anharmonicity of the vibration, it has been noted 
that wags produce overtone vibrations whereas twists do not (83). 
The perturbation between frequency values in the vapour and in a 
condensed phase such as that produced by matrix isolation is a complex 
phenomenon. This can be considered in terms of a range of interactions 
which can in turn influence the potential energy function which 
determines the frequency of the fundamental and its various harmonics.
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The observation that Av is generally negative for stretching vibrations 
and positive for bending vibrations reflects the different potential 
functions for these modes and particular bending modes such as the 
twist and wag out-of-plane vinyl modes would therefore appear to have 
potential functions which relate to the gas and matrix isolated phases 
in different ways.
The anharmonicity constant measures the distortion from a simple 
harmonic function and is normally positive for stretching vibrations. A 
large number of values taken usually in inert solvent but also in the 
gas phase for the wag mode of various vinyl compounds (83) shows this 
is usually small or negative in these compounds. This constant measures 
the mechanical anharmonicity which derives from higher terms in the 
potential energy function. Another source of anharmonicity is 
electrical anharmonicity which derives from higher terms in the 
function describing the change in dipole moment with normal coordinate. 
This influences the intensity of the first overtone. Since these are 
typically strong for the vinyl wagging mode and are close to twice the 
fundamental frequency it may be that this mode is characterized by a 
large anharmonicity which is electrical rather than mechanical and the 
motion of the terminal vinyl hydrogens out of the plane of the molecule 
has some stretching character.The measurement of Av therefore for 
selected modes and molecules could be an important probe into this 
problem. Another feature which arises from this comparison is the 
appearance of a weak band several wavenumbers lower than the twist for 
all the vinyl compounds in the matrix phase. This weak band in the 
matrix approximately corresponds in wavenumber value to the band in the 
gas phase. The appearance of this feature, remarkable in its 
consistency, may be due to :-
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BLE 2
CH 2=CH-(CH2 ) n -X
X/n n=0 n=l n=2
matrix gas Av matrix gas Av matrix gas Av
CH3
twist 998 991 +7.0 999 994 +5.0 992.5 992 +0.5 
wag 909 912.5 -3.5 910 912 -2.0 913 914 -1.0
twist 950 942 +8.0 996 993 +3.0 998.5 989 -0.5 
wag 893.5 896 -2.5 926.5 930 -3.5 922.5 922 +0.5
Br
twist 948 941.5 +6.5 989.5 987.5 +2.0 996 988.5 +7.5
wag 899 902 -3.0 926.5 927.5 -1.0 922 922 0.0
CN
twist 974 971 +3.0 987.5 986 +2.0 998 993.5 +4.5 
wag 953 953.5 -0.5 927.5 931.5 -4.0 927 924.5 +2.5
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1. Some degree of association within the lattice.
2. Some partial or hindered rotation of these compounds 
in a substitutional site in the matrix.
3. A matrix site effect which would appear to be a 
characteristic feature of this particular mode 
for these particular compounds.
If the feature is due to some degree of molecular association then 
these may be minimised by high dilution factors. The postulation that 
this feature is due to some form of rotation within the lattice is in 
some degree supported by a consideration of the theory for vibration- 
rotation transitions allowed in the gas phase for this particular mode. 
The strong central branch associated with the twisting mode in the gas 
phase corresponds to the transition Av=+l, AJ=0, AK=+1 and therefore 
arises from a change in both the vibrational and rotational energy of 
the molecule. If no rotation of this molecule is allowed in an argon 
cage the band associated with the matrix spectra would correspond to 
Av=+l, Aj=0, AK=0 and would be a pure vibration. This transition, 
forbidden in the gas phase, would occur at a lower frequency than the 
vibration-rotation (predicted from the theory). If some degree of 
hindered rotation can occur in the matrix it may then be argued that 
two bands, corresponding to those two modes discussed previously, may 
be seen in the matrix spectra with the stronger high wavenumber band 
corresponding to a vibration-rotation and the lower frequency weaker 
band corresponding to a pure vibration. Therefore the degeneracy of the 
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Fig.10 Infrared spectra of acrylonitrile 90Q - 1000 cm-i
(a) Matrix Isolation in argon 
M:I = 1000:1






a similar fashion to that seen in HC1.
An experimental test for rotational motion in a matrix is careful 
temperature variation. It may be assumed that the population of energy 
levels attain rapid equilibrium corresponding to the Maxwell-Boltzman 
distribution. Bands associated with vibration-rotation transitions 
should show a reversible intensity variation with temperature, 
corresponding to varying degrees of population of different rotational 
energy levels. By contrast distribution of molecules about various 
matrix sites is unlikely to show a systematic change with temperature 
or dilution.
The construction of an accurate temperature control and 
measurement system and the subsequent temperature cycling of these 
compounds did not suggest that any rotation was occurring in that no 
reversible temperature dependence could be easily detected. It may be 
speculated that in a prolate symmetric top the twist mode would be 
particularly sensitive to the kind of cavity within which the molecule 
exists. By elimination it may therefore be suggested that the bands 
were probably due to some well defined site effect related to this 
particular series of compounds.
5^. ALLYL SER i ES
The spectra of the allyl compounds (Figs.11-14) proved far more 
difficult to understand in both phases since they are more complex 
molecules in terms of the possibility of different conformers being 
present in both the gas and matrix and the increased site effect 
possibilities in the matrix due to their larger size.
For the gas spectra some rotational fine structure was apparent 
for the out-of-plane modes in but-1-ene, allyl chloride and allyl
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bromide however for allyl cyanide no rotational fine structure was 
observable at the limit of resolution available with the dispersive 
instrument.
These molecules have one or more axes of internal rotation but 
still approximate closely to prolate symmetric tops with kappa varying 
from -0.99 to -0.95. Examination of the spectra of allyl 
chloride, and allyl bromide resulted in similar conclusions of 
those of other workers (84-86) in that the low energy gauche, or -4/tew 
form is the predominant conformer in the gas phase at room temperature. 
These assumptions are favoured by calculations involving the geometries 
of these assumed forms agreeing more closely with results derived from 
experimental data. Values of (A'-B 1 ) obtained from the spectra for 
allyl chloride and allyl bromide were in good agreement with those 
values obtained for the gauche, form from microwave data by Hirota and 
Niide et al (85-86). The values obtained using the Cart program were 
however not in such good agreement for reasons probably associated with 
software inadequacy in dealing with molecules of this type (Table 1). 
Previous studies of but-1-ene by various spectroscopic techniques (87- 
89) have differed over its conformational preference. A study by Woller 
et al using nmr (90) has stated that the c-i-4 form is the more stable. 
The present work however has revealed a better fit between spectral 
data and rotational constants calculated using molecular parameters 
associated with the gauche, form. No similar analysis could be made for 
allyl cyanide since the gas spectra displayed no rotational fine 
structure, however, it may be assumed that the predominant form in the 
gas phase is the same as that for the other members of the series. The 
value of 0.504 calculated for (A'-B 1 ) from the assumed geometry is 
however not in agreement with values calculated by other workers for
59
the gauche, form (91-93). The error however appears to be almost totally 
due to the values determined for the rotational constant A'. More 
recent work carried out by Compton (94) suggests however that previous 
values determined for A 1 have only been done to a low degree of 
precision and as such the microwave spectra should probably be 
reexamined. The value of (A'-B 1 ) calculated during this piece of work 
is much smaller than the value of 1.06 cm" 1 previously determined for 
the gauche, conformer and is the smallest for all the members of this 
series. This value therefore appears to more closely follow 
experimental data in that this was the only member of the series for 
which no rotational fine structure was observable in the gas phase.
The comparison of the spectra in gas and matrix phases revealed 
that the pattern of frequency shift established for the vinyl series 
was not obeyed so clearly here (Table 2). It must be emphasised however 
that this is by no means conclusive in that frequencies quoted for the 
different species may be open to question as a result of some degree of 
doubt in establishing the band centres in the gas phase and the 
"predominant" bands in the matrix phase, there is also some degree of 
overlap from a third fundamental in this region (84,95-96). However 
some evidence of assignment in the gas phase may be obtained by 
comparison with the matrix together with regard for the pattern of 
frequency shift established for the vinyl series.
As stated previously the matrix spectra are complicated by site 
effect bands together with aggregate bands and although the main form 
in the matrix is proposed to be the low energy gauche, conformer some 
contribution occurs from the high energy ci^> form. The overall picture 
is therefore a complex one and any further conclusions drawn from the 

























































































































































































































































































































































of compounds must necessarily take these complications into 
consideration.
!•. Birr-1-ENE SER i ES
Examination of the spectra for this series (Figs. 15-18) did not 
appear to contribute much to the overall picture. The out-of-plane 
modes in the gas spectra gave rise to broad C-type bands displaying no 
rotational fine structure. The molecules have also deviated from the 
accidental prolate symmetric top model and as such the theory cannot be 
applied at all with any success. It was therefore considered 
inappropriate to carry out calculations to evaluate the rotational 
constants for this series of compounds since no comparisons of the 
results obtained could be made with those obtained from spectral data.
The increased complexity of the molecules has also given rise to 
increased spectral complexity in the matrix phase as a result of 
conformer and/or matrix site effect bands as well as aggregate bands. 
As with the gas spectra, the matrix spectra gave rise to a series of 
broad features which had only a marginal advantage in terms of 
resolution over spectra run in the liquid phase. The result of 
comparing the frequencies obtained for spectra of these molecules in 
both phases does not appear to show any clear pattern as was the case 
with the substituted vinyls (Table 2). In fact the advantage of 
applying the matrix isolation technique to molecules of this size or 
type at all appears to be debatable in that not much extra 





























































































































































































































































































































































7^_ ROT AT i ON IN MATRICES
As stated previously rotation of small molecules in matrices is 
well known, HC1 rotates in argon matrices (32,76) and bands associated 
with specific rotational levels have been identified. In the gas phase 
many different rotational levels are populated but at the very low 
temperatures at which matrix isolation spectra are recorded only the 
lowest levels are significantly populated. The possibility of rotation 
was considered as an explanation for the weak feature several 
wavenumbers lower than the twist for the vinyl series. This postulation 
was disgarded as a real possibility when these or any other spectral 
features appeared not to display any reversible temperature dependence. 
Molecular rotation for larger molecules such as substituted ethenes 
in solid argon may be feasible however if the substituent is 
sufficiently small i.e. H or D. These postulations led to the 
examination of ethene and ethene-di in both the gas and matrix 
phases.
(i) ETHENE
The study of ethene, particularly for the out-of-plane vibrations, 
posed a different problem to those encountered for the substituted 
alkenes. Firstly the symmetry and hence modes of vibration differ, 
ethene belongs to the D2h point group and has a centre of symmetry 
together with various planes and axes of symmetry whereas the 
monosubstituted ethenes belong to the G S point group and have only a 
plane of symmetry. Secondly there is no distinct twist and wag but a 
single mode at 947.5 cm" 1 in the matrix and at 949.7 cm 1 in the 
gas (Fig.19). There are three out-of-plane vibrations recognised for 















































































region. This mode corresponds to that shown below where all four 
hydrogens move out of the plane together, and has the characteristic C- 
type structure of a perpendicular band.
H „>=<
H H
This molecule has also been treated as an accidental 
prolate symmetric top and values obtained from the spectra for (A'-B 1 ) 
of 4.69 cm reveals a good fit with those values calculated by Van 
Lerberghe et al and Harper et al (97-99) of 4.86 cm" 1 .
A previous study on matrix isolated ethene (100) has shown the 
concentration dependence of bands due to monomer and dimer and has 
postulated a possible structure for the aggregated form. The present 
work on ethene has revealed a remarkable temperature reversible 
effect for the mode at 947.5 cm 1 . On raising the temperature from 8 K 
to 40 Kthe band steadily decreases in intensity, broadens and shifts 
to lower frequency by approximately 1 cm . On cooling the matrix back 
to its base temperature it became apparent the effect was completely 
reversible (Fig.20). This is unlike any other effect found by similar 
studies carried out on the other systems. This series of events appears 
to be due to some form of rotation within the lattice, raising the 
temperature causes the highly populated lower rotational levels to 
become less populated and hence bands resulting from transitions within 
these levels will decrease in intensity. Bands due to higher rotational 
levels at either side of the band centre will become more highly 










































such that resolution between them is unobtainable. The broad feature at 
40Kis likely to consist of several bands arising from different 
rotational levels all separated by an interval of less than 1 cm" 1 . 
Reduced separations when compared to the corresponding free molecular 
transitions in the gas phase implies a barrier to rotation imposed by 
the physical environment in the lattice. This can be compared with a 
similar effect in the rotation of HC1 in an argon matrix. The apparent 
shift to lower frequency also implies a redistribution of the 
population of rotational energy levels. The rotational levels both 
sides of the band centre will become equally populated as the 
temperature is raised corresponding to Q branches where AK = +1 and 
AK = -1, however, for this class of molecule the vibration-rotation 
theory predicts a convergence for the Q branches towards shorter 
wavelengths hence the spacing between levels is larger at lower 
frequency and an overall apparent frequency shift to lower wavenumber 
may be predicted as these higher levels become appreciably populated.
(ll) ETHENE-d 1
This molecule was studied primarily as an intermediate between the 
substituted vinyl series and ethene. The substitution of a deuterium 
atom for a hydrogen atom served two purposes. Firstly it altered the 
symmetry back to that of the vinyl series thereby behaving similarly 
in terms of vibrational and rotational modes but at the same time kept 
the molecule small enough to allow the possibility of some degree of 
hindered rotation.
This molecule has three out-of-plane modes assigned (101) at 1000, 
943.5 and 807.5 cm" 1 with characteristic C-type structure. The band 
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corresponding to the wag (Fig.21). As before this molecule also 
approximates to a prolate symmetric top and using this model so that 
the rotational spacings in the gas phase are 2(A'-B I ) a value 
for (A'-B 1 ) of 3.79 cm" 1 obtained from the spectra is in quite good 
agreement with those values given by other workers (101-103) of 4.00 
cm" 1 .
The matrix spectra showed two main bands at 1003.5 cm" 1 and 946 
cm again corresponding to the twist and wag respectively. The 
pattern of frequency shift noted for the other members of this series, 
that is the gas bands being "inside" the matrix bands, is difficult to 
establish here in that although the main band corresponding to the 
twist is shifted to higher frequency in the matrix the wag consists of 
a doublet in both phases with the matrix bands straddling the frequency 
of the gas bands, the lower frequency component in the matrix phase is 
at 942 cm" 1 (Fig.21).
The twist also displayed fine structure under high resolution with 
three low intensity shoulders at 1001, 998 and 996.5 cm" 1 . The relative 
intensities of these sub-bands remained unchanged when samples were 
either deposited by SSO or PMI indicating they were probably not bands 
arising from molecular association but site effects. Careful 
temperature cycling was carried out on all out-of-plane modes. No 
changes were detected for the two highest modes. Careful frequency 
measurements, however, of the third out-of-plane vibration at 
807.5 cm" 1 (Fig.22), which has a similar mode to that studied for 
ethene, indicates a weak but significant temperature reversible effect. 
Close examination indicates some band asymmetry at base temperature 





























































































Secondly a small frequency shift of about 1 cm 1 is also be detected. 
Although the temperature reversibility of this mode appears to be 
conclusive the small frequency shift is difficult to establish for the 
following reasons.
Firstly, measurement of frequency shifts of this order of 
magnitude for this particular instrument (Perkin-Elmer 580B) are 
somewhat doubtful as the spectrometer is performing at the limits of 
its resolution capabilities. Secondly, unlike ethene the effect does 
not appear to be completely reversible in that the sharp bands 
associated with the sample before warming give way to broad bands after 
warming (Fig.23). This may not preclude rotation however but indicate 


















































The arguments put forward for both ethene and ethene-di may then 
also be applied to the other members of the vinyl series. Firstly the 
effects of rotation may be masked by features due to molecular 
association (66,94) which necessarily occurs as the matrix is softened. 
Unlike HC1, frequencies of bands due to rotation and aggregation may 
overlap. Secondly a marked decrease is predicted for the separation of 
the Q branch lines as the size of the substituent increases. If the 
spacing between the rotational lines is barely resolvable for ethene 
then for the other members of the series where the substituent is far 
larger they will be even less so.
The important difference to remember, however, when comparing the 
hindered rotation of HC1 in argon matrices with the postulated rotation 
for ethene and possibly some other members of the vinyl series in argon 
matrices is that features due to the rotational motion of HC1 are 
apparent at temperatures where the host lattice is rigid (8 K) whereas 
features due to the rotational motion of ethene only become apparent 
when the matrix is softened by heating. This observation therefore 
complicates the issue in that it is difficult to establish whether 
raising the temperature of the matrix simply causes a redistribution of 
the population of the rotational energy levels or just softens the 
matrix sufficiently to allow otherwise restricted rotation. Conclusions 
drawn from observations and theoretical considerations would seem to 
indicate it is probably a combination of both these factors.
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CHAPTER IV
POLYMERIC AGGREGATION OR MULTIPLE SITE EFFECTS 








POLYMERIC AGGREGATION OR MUmPL£ SjTF
AS THE CAUSE OF BAND SPLI^INGS 
1. INTRODUCTION
It is well known that the matrix isolation technique coupled with 
infrared analysis is a powerful tool for obtaining information on 
molecular symmetry changes, rotational effects (gross or internal), 
isotope effects or molecular interaction. (26) However this 
information may be bedevilled by band multiplicities arising from self- 
aggregation to polymers, conformational equilibria or from trapping of 
samples in differing sites. There appears to be an urgent need for a 
better experimental and theoretical grasp of these phenomena.
Polymer formation in matrices is well characterised in HC1(32) and 
methanol(35) but occurs less predictably in various compounds which 
lack well defined hydrogen bonded complexes at room temperature.
Recently Knozinger and Leutloff (104) interpreted the infrared 
spectrum below 150 cm" 1 of acetonitrile isolated by SSO in noble gases 
in terms of monomers and dimers. The latter are favoured by dilutions 
of less than 1000:1 and by annealing, and are believed to comprise 
pairs of acetonitrile molecules that are antiparallel rather than 
linear.
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Work described previously (25) showed that aggregation occurred 
under certain circumstances and was almost entirely dependent on the 
deposition conditions. Slow spray-on (SSO) produced less sample 
aggregation than did pulsing (PMI), an observation which led to 
contrary conclusions to that of Perutz and Turner(65).
Work on chloroprene (105) has demonstrated it has a similar 
behaviour pattern to acrylonitrile in the vinyl region under matrix 
isolation conditions but has not attributed this to polymer formation. 
This work will attempt to draw a distinction between the behaviour of 
various substituted olefins in matrices in terms of the different types 
of species present as a result of annealing and/or the application of 
different deposition conditions. The band splittings obtained as a 
result of the aforementioned criteria are interpreted by assignment to 
high and low energy forms either as a result of inter or intramolecular 
interactions. The distinction between various causes of matrix 
splittings is not necessarily subjected to easy experimental test. 
Annealing is expected to convert a system from a high energy form (A) 
to a low energy form (B) in which B may correspond to either a 
polymeric aggregate, or a monomeric form in a more energetically 
favoured site and/or in a more favoured conformation. A generalized 
diagram of change in energy (AE) with reaction coordinate (r) 












B Rate = k^ k l 




K = k 1 /k 2 = CB /CA
AG° = -RT£nK = AH° - TAS°
UNDER NON-EQUILIBRIUM CONDITIONS 
± -4=~
£2 and E-, ar-e large. Thus a molecule irr state A (such as are 
isolated in a particular site of an inert matrix cage) cannot overcome 
the energy barrier to obtain a more favourable energy state B unless kj 
is large (Aj is large and/or T is high). Normal criteria for 
experimental test of origin of matrix effects are listed in 
Table 3 (1-4).
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Experimental test Intermolecular effect Intramolecular effect
by comparison of 
infrared spectra
of :-
B a polymeric aggregate. B a monomeric form in 
low energy conformer 
and/or low energy 
site.
1. Matrices at different 
concentration, e.g. 
500:1 and 5000:1.
Bands assigned to B 
diminish totally or 
partially according to 
strength of interaction 
at low concentrations.
Little change.
2. Matrices before and 
after annealing.
Bands assigned to A 
diminish totally and 
bands assigned to B 
enhanced.
Bands assigned to A 
diminish totally or 
partially and bands 
assigned to B become 
more prominent.
3. Different matrices 
e.g. Ar or Kr.
Little change. Possible significant 
change.
4. Different deposition Contradictory information
conditions e.g B favoured by SSO (ref.66)
SSO or PMI. B favoured by PMI (ref.65)
Little change.
5. Temperature effect 





bands assigned to B 
intensify more quickly 




Matrix studies of the mono-substituted ethenes ( CH 2 =CH-X where 
X= CH 3 , Cl, Br, or CN ) were mainly restricted to the out-of-plane 
deformation or wagging vibrations, the assignments of which have been 
described in many compounds (106-108), since initial studies had 
revealed that these modes were the most sensitive to annealing and/or 
changes in deposition conditions. Further studies have involved 
assignment of vibrational modes between 4000-400 cm" 1 for all the 
members of the series in the matrix phase. The assignments are made 
both before and after annealing in terms of the presence of both high 
and low energy forms.
The matrix isolation work carried out on acrylonitrile involved a 
detailed study of the factors governing the optimum conditions for the 
production of a matrix spectrum of this compound. These were, method of 
sample deposition, sample deposition rate,diluent/sample ratio, type 
of diluent used, contamination effects (atmospheric), window surface 
reactions and annealing. Many experiments were performed varying these 
parameters in order to establish what effects if any they had. 
Acrylonitrile was choosen because like the other members of the series 
it lacks an axis of internal rotation and therefore has only one 
conformer which may otherwise have led to complications as a result of 
the presence of conformer bands.
The methods of sample deposition used were pulsing and slow spray- 
on. The equipment was constructed to permit the sample to be deposited 
on the window by either method only by changing tap and needle valve 
positions hence spectra could be recorded by each method on the same
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day using the same sample which allowed for a more definitive
comparison of the techniques. Variation of sample deposition rate can 
only effectively be carried out using the slow spray-on technique 
whereby the rate is controlled by altering the needle valve setting to 
produce different spectra of comparable intensity in different times. 
Diluent/sample ratios ranging from 100:1 to 1000:1 were studied simply 
by altering the partial pressure of the sample relative to the diluent 
gas. Two types of diluent were used in this study namely argon and 
krypton. Atmospheric contamination effects were studied by doping 
samples with known amounts of air or nitrogen before deposition, 
whereby the possibility of any surface reactions taking place on the 
window was studied by first depositing a cushion of argon on the window 
before sample deposition took place. The effect of annealing was 
studied by slowly warming the matrix while rapidly scanning a selected 
region until some change was observed (typically 30-35K) The matrix was 
then recooled 8K and the spectrum rerecorded.
The results indicated that any band splittings observed in the 
spectrum recorded were not due to any surface reactions on the window, 
the type of matrix used or to atmospheric contamination, but to sample 
aggregation since varying these parameters did not produce noticeable 
changes. These changes were particularly apparent in the out-of- 
plane alkene CH 2 deformation or wagging vibrations although other 
changes were noted and are re-recorded.
Figs. 25 and 26 compare the matrix isolation spectra of 
acrylonitrile in the region 950-1000 cm" 1 by PMI and SSO. The 
spectrum of the vapour is included for comparison of band shapes. In 
fig 25 the PMI spectra of samples diluted by 1000:1 in both argon and 
krypton reveal weakening and disappearance of the strong sharp band
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near 975 cm and enhancement following annealing of a pattern of 
bands between 977 and 992 cm" 1 . This pattern has a well-defined 
structure in argon with a prominent band at 983 cm" 1 which becomes 
progressively more intense on annealing. This band is considerably more 
intense than other members of the pattern in the krypton matrix.
In fig 26 the SSO spectra of samples of acrylonitrile in argon are 
seen to have bands centered at 982 and 974 cm" 1 which weaken and 
intensify respectively with dilution. The broad band centered at 982 
cm" is very prominent at 100:1; weak at 250:1, only detectable at 
500:1 with five-fold scale expansion and undetected at 1000:1. In all 
cases annealing leads to bands appearing at the same wavenumber values 
as in PMI but with different intensities. The structure of the 
annealing-developed band at 1000:1 dilution conforms to the envelope of 
the unresolved band at 100:1 dilution.
All bands between 960 and 1000 cm in acrylonitrile are 
assigned to trans CH=CH twisting modes in different species. Comparison 
of PMI and SSO spectra for this mode enables assignments of bands to 
monomer and polymer species as shown in Table 4. Dilution in argon 
(similar results have been obtained in krypton) lead to SSO spectra in 
which the high wavenumber band is absent. Annealing of PMI spectra in 
argon and krypton removes the low wavenumber band. Hence complete 
separation (within reasonable detection limits) is achieved. It may be 
concluded that the low wavenumber feature corresponds to the monomer 
(favoured by maximum isolation) and the high wavenumber feature 
corresponds to the polymer (favoured by conditions leading to 
thermodynamic equilibrium). The various sub-bands of this feature 
implies more than one polymer species is present, of which that 
corresponding to the band at 983 cm" 1 would appear to be the most
88
Fig.25 Aerylonitrile; pulsed matrix and vapour
P.M.I. 1000:1 Argon 
(before annealing)
P.M.I. 1000:1 Argon 
(after annealing)
P.M.I. 1000:1 Krypton 
(before annealing)
P.M.I. 1000:1 Krypton 
(after annealing)
Gas (insert 0.5 cm"
resolution)









SSO 1000:1 Argon 
(before annealing)
SSO 1000:1 Argon 
(after annealing)
1000 950 cm" 1
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TABLE 4























































































































stable particularly in the krypton matrix. Corresponding species- 
dependent changes are apparent for the CH2 wagging mode although in 
this case there is overlap between the polymer and the monomer pattern. 
The polymer has a doublet near 952 cm" 1 in argon and krypton. The 
monomer has bands at similar wavenumber values to those of the polymer 
but with reversed relative intensities, together with a third band at 
higher wavenumber. The CH 2 wagging mode therefore has a triplet 
structure in the monomer form and a doublet structure in the polymer 
form in both argon and krypton, because of the overlap (all five bands 
occur within a 4cm interval) experimental information on the 
characteristics of this splitting is unclear.
The trans CH=CH wagging mode has a weak satellite 6 cm to low 
wavenumbers which is annealing-dependent but not dilution-dependent. It 
is therefore not assigned to an aggregation effect. Other changes have 
been noted (Table 4) which are again dilution, pulsing/spraying and 
annealing dependent. Bands at 1092 and 1097.5 cm are both assigned 
to the CHp rock in different species the band 1092 cm being 
assigned to the monomeric form. At high dilution and slow spray-on only 
the band at lower wavenumber is present however lower dilution or 
pulsing enhances the higher wavenumber band to the total exclusion of 
the band at 1092 cm" 1 . Two bands at 1412 and 1414 cm~ are both 
assigned to the CH 2 bend in the monomer and polymer respectively. The 
band at 1412 appears as the main band with a shoulder at higher 
wavenmber if the sample is sufficiently dilute and is sprayed on, lower 
dilution, pulsing or annealing leads to the band at 1414 cm" 1 
becoming the prominent feature in this region. The C=C band also shows 
similar species-dependent changes that are dilution, spray-on and 
annealing dependent. The C=C stretch occurs at 1615 cm in the
92
monomer and 1613.5 cm in the polymer whereas the C=C torsion occurs 
at 683 cm in the monomer and 687 cm" 1 in the polymer. The C-C stretch 
shows only a minor change of 0.5 cm" 1 going from monomer to 
polymer, that is, 868 cm" 1 in the monomer to 867.5 cm" 1 in the 
polymer, the overtone of the C-CEN bend occurs at 691.5 cm" 1 in the 
monomer and 692 cm" in the polymer. The C = N stretch however shows a 
more marked shift in the two forms occurring at 2236 cm" 1 in the 
monomer and 2234 cm" 1 in the polymer (Table 4).
Similar studies on vinyl chloride and vinyl bromide, though not 
so exhaustive, revealed a similar behaviour pattern to that of 
acrylonitrile. The vinyl region again proved to be the most sensitive 
to variation of experimental conditions in that high dilution and/or 
SSO produced spectra of comparable quality to those produced by similar 
conditions for acrylonitrile. Fig. 27 compares the 1000:1 SSO spectra 
of vinyl chloride both before and after annealing. The spectra before 
annealing exhibits two strong bands at 949.5 and 893.5 cm 
corresponding to the twist and wag respectively with a third weaker 
feature at 940.5 cm" . The spectra after annealing however, display in 
addition several weak and only partially resolved bands at both higher 
and lower frequency on the twist and at higher frequency on the wag the 
main components of which occur at 958, 952.5, 947, 942.5, 908.5, 900.5, 
and 896.5 cm" these bands appear to increase in intensity at the 
expense of the intensity of the two main bands. Other less dramatic 
changes are observable elsewhere in the spectrum which are again 
dilution, annealing and deposition method dependent. The 
vibrational spectrum of vinyl chloride has been exhaustively studied 
and the 12 fundamental modes of vibration assigned by many workers. 




















































































INFRARED SPECTRA AND ASSIGWENTS 



















































CH 2 wag (L) 
CH2 wag (L) 
CH2 wag (L) 

























































state in terms of high and low energy forms based on these previous 
assignments (109-110). Bands are therefore assigned to aggregated forms 
of vinyl chloride although the forms of these various species is not 
known.
Similar studies were carried out on vinyl bromide Fig.28 compares 
the 1000:1 SSO spectra before and after annealing for the region 980- 
850 cm"1 . The twist occurs at 948 cm"1 and the wag at 898.5 cm"1 and as 
before a third weaker feature is apparent several wavenumbers lower 
than the twist at 940 cm" 1 . Annealing the sample reveals a remarkably 
similar pattern of events to that which occurred for vinyl chloride in 
that again several weak bands appear as the intensity of the main 
components decreases at 955.5, 952.5, 945.5, 907.5 and 901.5 cm" 1 . 
These bands as with acrylonitrile and vinyl chloride are assigned to 
aggregated forms of vinyl bromide. The main differences observable in 
the spectrum of vinyl bromide are also in the out-of-plane region but 
as before this compound also reveals certain less apparent changes in 
other regions of the spectrum. Table 6, as for vinyl chloride, 
therefore presents assignments for bands associated with both the high 
and low energy form based on previous work (110-111).
A matrix study of propene has previously been carried out by 
Barnes and Howells (112) and assignments have been made for the 21 
fundamentals. A detailed study of the vinyl region between 1000-900 
cm" 1 has again revealed the sensitivity of the out-of-plane modes to 
sample aggregation. Fig 29 compares the SSO spectrum of propene before 
and after annealing, the strong band at 998 cm"1 before annealing is 
assigned to the CH=CH twist in the monomer form and the band at 
992 cm" 1 assigned to the twist in the polymeric form which increases 




















































































INFRARED SPECTRA AND ASSIGNMENTS 
OF VINYL BROMIDE IN ARGON MATRIX
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to the CH 2 wag in the monomeric form with the band at 909.5 cm l 
assigned to the CH 2 wag in the aggregated form. The third out-of-plane 
mode at 578 cm also shows a remarkable frequency shift of 7 cm" 1 on 
annealing appearing at 585 cm" 1 . A complete assignment of propene both 
before and after annealing based on the work by Barnes and Howells is 
shown in Table 7.
These results seem to indicate quite clearly for this class of 
compounds the additional spectral features observable when samples are 
either deposited by PMI or are annealed result from some degree of 
molecular aggregation or association. In the present study the reasons 
for less polymer in SSO than in PMI are apparent from the spectra. 
Polymer aggregation is the low energy state and is thermodynamically 
favoured when the host matrix allows its guest molecules to 
equilibriate at 30-35K by annealing. PMI produces bursts of energy 
which are equivalent to the annealing of an SSO spectrum and further 
annealing provides complete conversion from the high energy state 
within detectable limits to the low energy polymeric state. Less than 
2% of the monomer remains following the annealing of acrylonitrile. 
Monomer is the high energy state which may only be sustained in a 
metastable condition in rigid matrix cooled sufficiently quickly and in 
a sufficiently high dilution. Isolation of monomer with no detectable 
polymer can only be achieved by careful regard to both these variables. 
Too rapid spray-on or too high concentration leads to polymer. This 
work provides an example where attempts to speed up an experiment by 
PMI will lead to premature annealing which in turn converts the sample 
in part from a single monomer species to a complex aggregate. The 
process of annealing which is generally considered to simplify, in this 














































































INFRARED SPECTRA AND ASSIGNMENTS 
OF PROPENE IN ARGON MATRIX

































































CH2 asym def. 







CH2 wag (M) 




















































578 w CH-> twist (M)
101
be observed in certain compounds at low temperatures and be non­ 
existent or non-detectable at normal temperatures. Out-of-plane 
vibrations of vinyl groups appear to be a sensitive probe for this 
phenomenon in this class of compounds.
JL ALLYL SERIES
The previous results from matrix studies of the vinyl series 
indicated that the dominant factor leading to band multiplicities was 
sample aggregation into different polymeric clusters. The distinction 
between bands as a result of aggregation from those as a result of site 
effects was simplified by the fact that these compounds lacked an axis 
of internal rotation and hence displayed no bands due to conformational 
equilibria. However, all members of this series have axes of internal 
rotation and hence any band splittings observed for these molecules 
must be considered not only in terms of site effects and sample 
aggregation, but also in terms of conformational behaviour.
The compounds studied contained the same substituents as those for 
the vinyl series and as before it was noted that the out-of-plane 
deformation region showed the greatest sensitivity to annealing studies 
and the varying of deposition conditions. Previous studies on allyl 
chloride and allyl bromide (113) in the gas phase have suggested that 
the gauche, conformer is the predominant form. Further studies on allyl 
chloride using microwave techniques (85) revealed the presence of both 
the c-i-4 and gauc/ie. conformer with the gauche, conformer being the 
predominant form whereas for allyl bromide no trace of the c-i.4 form 
could be detected (86). A matrix study on allyl chloride revealed bands 
due to the c-i-4 form and concluded the relative stabilities of the
102
gauche, and c-i.4 form appear to be similar in the vapour and condensed 
phase (84).
The present study of allyl chloride concentrates again primarily 
on the out-of-plane region and spectra before and after annealing 
(Fig.30) reveal the following features. In the region 1000-890 cm"" 1 
four fundamentals are asigned to the CH=CH twist C-C stretch CH2 Wa9 
and the CH 2 rock at 996, 939, 926.5 and 903 cm" 1 respectively for 
the gauche, conformer. The band at 917.5 cm" 1 is assigned to the C-C 
stretch for the c-64 form (84). Annealing the sample leads to a decrease 
in intensity of these fundamentals and a corresponding increase in 
intensity of the bands at 989.5, 986.5, 934 and 897.5 cm" 1 . The bands 
at 989.5 and 986.5 cm" are assigned to the twist in the aggregated 
form with the bands at 937 and 897.5 cm" assigned to the CH^ wag 
and rock in the aggregated form (84).
A matrix study of allyl bromide in the region 1000-900 cm 
before and after annealing (Fig.31) reveals two strong bands at 990 and 
926.5 cm assigned to the twist and wag in the low energy gauche. 
form respectively. Other weaker bands are found at 993.5, 983.5, 
975.5, 928.5, and 924.5 cm" . Comparison of assignments for allyl 
bromide in the gas phase (95-96) and allyl chloride in the matrix phase 
(84) along with the present annealing study leads to the shoulders at 
988.5 and 928.5 cm" 1 being assigned to the twist and wag for the c*is> 
conformer. The third fundamental in this region is the C-C stretch 
which has been assigned to the band at 933 cm" for the gauche. 
form and 930.5 for the c-t-6 form. The bands at 993.5, 933, 930.5 and 
924.5 are therefore assigned to different forms of aggregated allyl 
bromide. Annealing the sample leads to a decrease in intensity of all 
bands associated with monomeric forms of allyl bromide both CJ.A and
103
and the appearance of several broad and unresolvable components 
characteristic of spectra associated with aggregated samples (Fig.31).
A previously conducted matrix study of but-1-ene (112) showed 
the existence of both the gauche, and c-i-4 conformer and concluded that 
the relative intensities of the CH2 twisting modes at 631 ad 554 cm"1 
for the gauche, and c-i/> form respectively, were in the ratio of 
approximately 3:1. These values were in agreement with the expected 
relative intensities calculated from the small energy difference 
between these two forms.
The present work again concentrates primarily on the out-of-plane 
region between 1000-900 cm" 1 and the spectra before annealing (Fig. 
32) reveals bands at 999, 992.5, 978, 912, 910 and 907.5 cm" 1 . 
Annealing the sample leads to a decrease in intensity of the band at 
999 cm" 1 and the appearance of a band at 996.5 cm" 1 (Fig.32). The band 
at 999 cm is assigned to the CH=CH twisting mode in the gauche, form 
(112) whereas the band at 996.5 cm" 1 is assigned to the CH=CH 
twisting mode in the c-i-4 form which may be stabilised at low 
temperatures. Annealing the sample also causes a decrease in intensity 
of the band at 910 cm" and a corresponding increase in intensity in 
the band at 907.5 cm" 1 . The bands at 910 and 907.5 cm" 1 are therefore 
assigned to the CH 2 wag for the gauche, and C-LA form respectively. No 
other fundamentals appear in this region (112) and therefore the band 
ac 913 cm"1 and the other broad features at 992.5 cm and to high 
freQuency of the <.A?ag are probably associated with aggregated but-1-ene 
sinca annealing also leads to an increase in intensity of ihese 
features. It is clear however that features due to aggregation are not 
as prominent as for the other members of the series and therefore do 
not mask bands due to conformers which are separated by only a few
104
wavenumbers. This observation clearly illustrates the less reactive 
nature of the methyl group when compared to the substituents on the 
other members of this series.
The study on allyl cyanide revealed the presence of 8 bands in the 
vinyl region between 900-1000 cm" 1 at 909, 924.5, 927.5, 935, 939.5, 
942.5, 987.5, and 993 cm" 1 (Fig. 33). Three fundamentals occur in this 
region (114) with the twist occurring at 987.5, the CH2 rock at 939.5 
and the wag at 927.5 cm" 1 . These frequencies compare with 993, 938 and 
926 cm for the same modes assigned by Harrah et al (114). On 
annealing the sample, these three strong fundamentals decrease in 
intensity and the band at 924.5 increases in intensity along with 
several broad unresolvable features to high frequency of both the twist 
and wag. Very little information on conformational behaviour is 
obtainable from this data since the annealed spectra contained very few 
distinct sharp features. The tendency for this molecule on annealing to 
give rise to broad bands probably associated with various types of 
polymeric clusters makes the elucidation of such information very 
difficult. For other members of this series however the presence of 
several bands in both the unannealed and annealed spectra has been 
explained partially in terms of both inter and intramolecular effects, 
whether the assignment of the several other bands observable in the 
spectrum of allyl cyanide before annealing can be made in terms of 
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4i_ Birr-1-ENE SER i ES
The molecules studied for this particular work also had the same 
substituents as those for both the vinyl and allyl series. Particular 
attention was again paid to the region between 1000-900 cm" 1 but the 
matrix spectra obtained were not of particularly good quality and 
little or no structural information could be obtained. The spectra 
produced consisted of broad unresolved multiplet bands and annealing 
seemed to produce little or no visible difference to the spectra The 
conclusions here must be that the relatively large size and low 
volatility of these molecules has made their isolation within the inert 
matrix extremely difficult to accomplish. The bands produced are almost 
certainly a tangled combination of conformer and aggregate bands. Their 
large size requires high dilution factors to ensure a relatively high 
degree of isolation while at the same time necessitating the deposition 
of large quantities of inert gas resulting in thick and highly 
scattering matrices. The final result offered little or no improvement 
over spectra run of these compounds in the liquid phase.
jL CONCLUSIONS
It is apparent that annealing a sample leads to conversion of that 
sample to the low energy form. However the understanding of the term 
"low energy form" for this class of compounds encompasses not only 
aggregation and site effects but also conformational equilibria. 
Although information may be obtained about conformational behaviour 
distinction between the various causes of band multiplicities can 
become very complex and assignment to the various forms therefore even 
more complex. Table 3 (1-4) indicated normal criteria for
110
distinguishing between different types of matrix effects, further 
studies on chloroprene (2-chlorobuta-l,3-diene) however indicated 
certain similar features to that of acrylonitrile which were not easily 
distinguished by means of the aforementioned methods. Table 3 Criteria 




MATRIX EFFECTS JM THE INFRARED SPECTRA OF CYANQETHENE 
(ACRYEONITRIEE) AND 2-CHLORQBUTA-1.3-DIENE (CHEOROPRENE)
1. INTRODUCTION
2. MATRIX EFFECTS AND COMPARISON OF 
INTENSITIES AT DIFFERENT DILUTIONS
3. COMPARiSON OF TIME DEPENDENCE OF
INTENSITY CHANGES AT DIFFERENT DILUTIONS





MATRIX EFFECTS IN THE INFRARED SPECTRA OE CYANOETHENE 
(ACRYLONITRILE) AND 2-CHLOROBUTA-1.3-DIENE (CHLOROPRENE)
_L_ INTRODUCTION
Matrix isolation in conjunction with infrared spectroscopy is a 
powerful tool for studying both chemical and physical phenomena in 
molecular systems. The establishment of the effect of temperature on 
the rate of formation of a low energy form B (Table 3 Criteria 5) 
between different concentrations in the matrix implies a mechanism 
which may be monitored kinetically and further enable the distinction 
between intra and intermolecular interactions.
The potential of matrix isolation for studying kinetic phenomena 
although recognised early in the development of the technique (115) has 
had only limited application. Kinetic studies have however been carried 
out and first order rate constants for the interconversion of 4-c-M and 
A-isianA methyl vinyl ketone in a CC1 4 matrix have been reported 
(116).
The infrared spectra of matrix isolated forms of acrylonitrile 
and chloroprene are presented. The twisting mode of the vinyl group
113
in the 970-990 cm 1 region reveals considerable splitting in each 
compound which is attributable to high and low energy forms. 
Measurements are reported on rate of change from high to low energy 
forms compared between 500:1 and 5000:1 dilutions in argon in both 
compounds at 35K. The results confirm the low energy form is a 
polymeric aggregate in the case of acrylonitrile but arises from an 
intramolecular effect in chloroprene. First order rate constants were 
estimated for acrylonitrile and chloroprene at low and high 
dilutions. Assignments to high and low energy forms are presented 
between 400 cm" 1 and 3500 cm" 1 in each case and the structure of 
these forms are discussed.
The chemical and physical properties of chloroprene and 
acrylonitrile are important and relate to their tendency to 
readily react to form well known polymers and copolymers. The 
study of infrared spectra of samples isolated in dilute, low 
temperature matrices (26) provides information on molecular vibrations 
and structure for systems which may not be amenable to examination at 
normal temperatures and phases because of chemical reactivity or 
physical perturbation of energy levels.
A rigid low temperature matrix can maintain a molecule in an 
unstable high energy state (A) which may relax to a thermodynamically 
more stable form on annealing the matrix by heating to a temperature at 
which the matrix softens and permits reorientation to the low energy 
state (B). The difference in energy (&E) may derive from an energy of 
interaction within polymeric aggregates, or from a more favourable 
matrix site or molecular conformation. If the barrier between states is 
associated with the matrix cage separating adjacent cavities this will
114
be very large at liquid helium temperatures. On heating the matrix the 
cage barrier will reduce in height to permit some degree of equilibrium 
to occur. In the case of barriers associated with internal rotation 
within the molecule Barnes and Whittle (117) have estimated the range 
of temperatures and barrier heights at which separate conformers can be 
isolated.Thus two categories of matrix effect can be distinguished in 
which the low energy state (B) may be associated either with an 
intermolecular matrix effect or with an intramolecular matrix effect. 
Matrix effects appear to be particularly prominent in the region 
associated with out-of-plane vibrations of the vinyl group. In 
acrylonitrile (66) matrix effects in this region were described in 
terms of the existence of monomeric and polymeric or aggregated states 
resulting from intermolecular changes. In chloroprene (105) similar 
changes were attributed to conformational or intramolecular changes. 
The similarity of effects in these compounds suggests rigorous 
experimental comparison is merited to distinguish categories of low 
energy forms. Additionally, it is possible to determine small 
differences in the fundamental modes of vibration between low and high 
energy states over the region 400-3500 cm
2. MATRIX EFFECTS AND COMPARISON OF INTENSITIES 
AT DIFFERENT DILUTIONS.
Intermolecular interactions are reduced by increasing matrix 
dilution at low temperatures and increased by raising the temperature 
until mobility of the matrix permits movement between matrix cavities . 
A study of acrylonitrile restricted to wagging and twisting vibrations 
of the vinyl group between 950 and 1000 cm"1 revealed conditions (66)
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under which separation occurred into monomer form (slow spray-on in 
argon at 1000:1 dilution) and aggregated polymer (annealing of 
matrix).
The spectrum of chloroprene (105) has closely similar features to 
that of acrylonitrile in the region 850-1000 cm" 1 . Two CH 2 wagging 
modes are observed in the spectrum of chloroprene corresponding to the 
two terminal CH 2 groups together with the trans CH=CH or twisting mode 
at highest wavenumber value. The twisting mode has the following 
remarkably similar features to that in acrylonitrile for which values 
are shown in parenthesis.
1. A prominent band occurs centered at 975 cm
in argon (974), 973 cm" 1 in krypton (972.5) and 
975 cm" 1 in the gas state (971).
2. On annealing the matrix this prominent band disappears 
in all cases.
3. A weak feature at 983 cm" 1 in argon (984) and 982 cnT 1 
in krypton (981) intensifies on annealing.
These similarities may suggest the high wavenumber feature in 
chloroprene is the result of aggregation as shown in the corresponding 
bands in acrylonitrile. To investigate this possibility careful 
dilution studies were carried out in argon for 100:1, 1000:1, 5000:1, 
and 10000:1 over spray on times of 4 hours and 20 hours in each case. 
These showed identical intensity ratios for the bands at 983 cm and 
975 cm" 1 in all cases corresponding to the intensities shown in Fig.
34b.
The persistence of the band at 983 cm at various dilutions in
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Fig.34 Infrared spectra of chloroprene 850-1000 cm" 1
(a) M:I 1000:1 in Kr
(b) M:I 1000:1 in Ar (before annealing)
(c) M:I 1000:1 in Ar (after annealing)
(d) Gas 10 cm path length and 40 Torr (insert 15 Torr)
950 900 cm
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argon may not preclude assignment to aggregated species. A dilution 
dependence of intensity in a system in which aggregation takes place 
implies that the law of mass-action is a rate determining step and the 
amount of aggregation increases with the concentration of the monomer 
in the mixture with argon in the gas phase. Another possibility in a 
system in which aggregation occurs is that surface or matrix effects 
control the thermodynamic or kinetic features of aggregation leading to 
a persistence of aggregation bands at increasing dilution. To 
investigate surface effect possibilities comparisons were made of 
spectra isolated on Csl and Si windows. These experiments yielded 
identical spectra (Fig. 35). It was concluded the window material had 
no effect on the species formed in the matrix. To test the possibility 
of matrix or other non mass-action effects the following experiment 
was applied to both chloroprene and acrylonitrile.
3. COMPARISON OF_ TIME DEPENDENCE or INTENSITY 
CHANGES AT DIFFERENT DimTfONS.
Two dilutions in argon were selected such that the matrix was 
neither too concentrated to achieve true matrix separation nor too 
dilute to achieve adequate signal to noise. Comparison of spectra at 
500:1 and 5000:1 were chosen and spectra of acrylonitrile (Fig.36) and 
chloroprene (Fig.37) were recorded between 970 and 990 cm 
The prominent bands in the region 973-975 cnT 1 assigned to the twist 
mode of the vinyl group in each compound are isolated by slow spray on 
at SK.At higher temperatures these bands in both compounds diminish in 
favour of a high wavenumber band 982-984 cm" 1 which must correspond to 
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If the rate of change from high to low energy form is greater at 500:1 
than at 5000:1 an intermolecular change would be indicated since 
molecules can come within range of attractive interaction more readily 
in more concentrated matrices. If the two rates of change are the same 
at different concentrations this would imply an intramolecular change 
either within the matrix cavity or within the molecule of a kind 
which is independent of adjacent molecules in adjacent cavities. 
Comparisons were achieved by rapidly raising the temperature of the 
matrix to a value at which appreciable change took place. At 35 Kthe 
change from high to low energy form of acrylonitrile took place 
significantly faster at 500:1 than at 5000:1 (Fig.36). Rate constants 
were estimated by assuming the proportions of high and low energy forms 
were equal to the peak absorbances near 975 and 983 cm" 1 respectively 
divided by their total. The data revealed a better fit for first order 
than second order rate expressions. The correlation coefficient for 
acrylonitrile being 0.988 at both dilutions, corresponding to first 
order rate constants k=(3.4±0.5)xlO~ 3 s~ l and k=(2.3±0.5)xlO~ 3 s" 1 at 
500:1 and 5000:1 dilutions respectively (Figs. 38 & 39). In the case of 
chloroprene the correlation coefficients were 0.955 in each case 
corresponding to a rate constant k=(3.5±1.5)xlO~4 s" 1 at each dilution 
(Figs. 40 & 41). This observation is consistent with the dilution 
experiment and confirms that the low energy form of chloroprene arises 
from intramolecular rather than intermolecular interactions.
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Fig.36 Acrvlonitrile (970-990 cm" 1 ) at 35K and different times (t)
(a) M:I 500:1 in Ar









Fig.37 Chloroprene (970-990 cm" 1 ) at 35K and different times (t)
(a) M:I 500:1 in Ar
(b) M:I 5000:1 in Ar
J
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HIGH AND Low ENERGY
d) ASSIGNMENTS
An alternative possibility for assignment of the split bands 
associated with the twisting modes of acrylonitrile and chloroprene 
would be to a specific effect for that mode such as a Fermi resonance 
interaction or to an effect localised within a group of the molecule 
rather than an effect associated with the molecule as a whole. If these 
changes are correctly attributed to high and low energy forms every 
other mode will be affected to a greater or lesser extent and it would 
be remarkable if the twisting mode was unique in achieving sufficient 
splitting for resolution into separate bands assigned to different 
states. In order to add weight to the multiple state hypothesis the 
complete spectra of these states were recorded after maximum separation 
was achieved using the changes of the twisting mode as a probe to 
monitor separation.
In the case of acrylonitrile (118-120) assignments have been 
reported for the solid and vapour states with disagreement only on the 
relative positions of the twisting and wagging modes. Table 5 reports 
the assignments of the high energy matrix form (attributed to monomer) 
and the low energy matrix form (attributed to aggregated polymer). It 
is noteworthy that the C = N and C=C stretching modes are shifted by 2 
cm" 1 to lower value in the polymer whilst the CH 2 bending and 
rocking modes are increased by 2 and 5 cm respectively in the 
polymer form.
In the case of chloroprene (105) assignments have been reported 
for a range of physical states. In table 8 the high and low matrix 
isolated states are assigned using the shift of 7.8 cm between the
127
TABLE 8
INFRARED ^ECTRA AND ASSIGNMENTS

































































































































































two twist modes to probe the separation. A shift of 1.2 cm" 1 is 
observed between the symmetric C=C stretching modes and of 1.0 cm" 1 
between the two C-C stretching modes. Other small shifts of less than 
1.0 cm are reported, it is notable that the band centred at 974.4 
cm in the high energy form has components near 974 and 976 cm" 1 
which respond differently on annealing indicating that the high energy 
state has some multiplicity.
( i i) STRUCTURE
Acrylonitrile may be similar to that of acetonitrile which has 
been shown by far infrared studies of photochemically produced species 
to form antiparallel dimers as the low energy state. Statistical 
calculations (105) for chloroprene in the gas state suggest an 
equilibria between a low energy A-i/iaiu conformation and a high energy 
A-c-i-6 conformation with a AE value of 8.2 KJ mol . In the matrix
isolated state the high energy form may also correspond to the A- 
conformer. The structure of the band centred at 975 cm may also 
imply one or more non-planar forms. These high energy forms can 
revert to the A-t/ianA conformer if the barrier between B and A is 
reduced by annealing to a level which permits thermodynamic equilibria. 
This tentative explanation is favoured by the similar behaviour of the 
isolated species in both argon and krypton matrices.
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CHAPTER VI
A OTCTRQSCOPIC STUDY OF HEAD TO HEAD MODEL 
COMPOUNDS FOR HEAD TO HEAD PVC AND PVBr
1. INTRODUCTION
2. MODEL COMPOUNDS FOR HEAD TO HEAD PVC




A SPECTRQSCQPIC STUDY OF HEAD TO HEAD MODEL 
COMPOUNDS FOR PVC AND PvBr_
1. INTRODUCTION
Infrared and Raman spectroscopy are good probes for studying the 
cofigurational and conformational structure of the PVC and PVBr chains. 
The C-Cl/C-Br stretching region is particularly sensitive for detailed 
analysis of these polymers. By comparison with related compounds of 
known structure bands in the infrared (121-123) and Raman (124) 
have been assigned to four conformational forms of syndiotactic PVC and 
three conformational forms of isotactic PVC.
There is now however considerable interest in the possible 
presence of occasional head to head (H-H) units in the normal head to 
tail (H-T) structure of poly (vinyl chloride) as such units may be the 
precursors of branches (125) which influence the macroscopic properties 
of the polymer. It is also known that the polymer with the pure head to 
head structure, made by the chlorination of 1,4-polybutadiene, is of 
lower thermal stability than the conventional polymer (126). Hence, 
head to head units may act as initiation points in the degradation of 
the polymer and it is important to be able to characterise them in 
order to gain a fuller understanding of the factors included in the 
degradation process.
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Unfortunately only one method, a suspect chemical technique (127) 
is available for the characterisation of head to head units. The 
evaluation of potentially promising spectroscopic approaches by the 
examination of pure head to head PVC is open to question; for example, 
the vibrational frequencies of isolated H-H units in a predominantly 
H-T polymer may not coincide with those of the pure H-H polymer.
The results of limited studies on degraded poly (vinyl bromide) 
show that the conjugated polyene sequences formed are longer than those 
in PVC degraded under comparable conditions (128). In that there is 
strong evidence that cross linking reactions limit the length of the 
conjugated polyene sequences in PVC (129), with the effect occurring 
more readily with the more ordered low temperature polymers, cross 
linking may be controlled by steric factors. The bulky nature of the 
bromine atoms in poly (vinyl bromide) will predispose towards bent 
structures, but little information is available. A spectroscopic 
approach for studying the normal head to tail forms of PVC was the 
synthesis and analysis by infrared spectroscopy, in various phases, of 
model compounds of comparatively low molecular weight (130). This study 
indicated that a similar approach may be possible on the head to head 
forms.
Various model compounds for head to head PVC and PVBr were 
prepared, meso-2,3-dichlorohexane meso and d,l-3,4-dichlorohexane and 
meso-4,5-dichlorooctane, together with their bromoanalogues. The meso 
derivatives act as model compounds for isotactic head to head PVC and 
PVBr, and the d,l derivatives acting as model compounds for 
syndiotactic head to head PVC and PVBr.
The measurement of the infrared spectra in the matrix phase of 
these samples proved unsatisfactory using the conventional system due
132
to their low volatilities. The technique requires the sample to be in 
the gas phase before condensation and hence sample preparation and 
spectral quality are severely affected by the inability to get 
sufficient amounts of the sample into the gas phase. The conventional 
system failed to produce any usable spectra and computer enhancement 
(Perkin-Elmer Data Station) proved only marginally helpful. Spectra of 
higher quality could only be produced by adapting the present system 
(Fig.42). This was achieved by allowing the two separate components 
(inert gas and sample) to mix just prior to deposition on the window, 
hence, mixing takes place at far lower partial pressures than before 
and as a result samples of quite high concentration can be deposited 
using this technique. The ratios of sample to matrix gas can be 
effectively altered by the two needle valves which govern the flow rate 
of the two gases respectively.
Even with the improved experimental system the spectra produced 
were still of inferior quality. Little or no obvious differences 
existed between the spectra before and after annealing on all the 
compounds studied. The reasons for this may be twofold. Firstly the 
spectra recorded after annealing were of such poor quality that any 
inferences deduced from changes in relative intensities of different 
bands would be open to question. Secondly bands produced were far 
broader than those produced by studies on saturated hydrocarbons of 
lower molecular weight (130) possibly as a direct result of the 
increase in the number of possible conformers and/or the greater 
complexity and size of the molecules in terms of site effects and 
numbers of vibrational modes. The ability therefore to obtain good 
information about conformational isomerism within this class of
133
Fig.42 Modified sample deposition system for 
compounds of low volatility
w
B - Bulb containing Inert 
gas supply
N - Needle valve
V - Pulsing volume
S - Sample - liquid
W - Window - CSI - 
in Cryostat
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compounds by matrix isolation seems doubtful. In this respect 
comparisons between infrared for both liquid and matrix isolation and 
liquid Raman frequencies has been carried out in order to obtain the 
best vibrational assignments of the structural units associated with 
the head to head forms. Tables of frequencies for all the compounds 
studied are therefore presented.
Previous infrared studies on other model compounds for PVC has 
tended to concentrate primarily on the C-C1 stretching region. This 
region is considered to be particularly sensitive to any conformational 
or structural change, and as such provides an excellent probe for 
studying such phenomenon within the PVC and PVBr chain. This 
observation therefore, constitutes the basis of this work in that 
correlation of the characteristic frequencies of the C-C1 and C-Br 
stretching regions of vicinally substituted model compounds may 
indicate the degree to which these units may be present in the normal 
PVC chain. Various workers (121,122, 131-133) have studied the C-C1 
stretching region of PVC (700-600 cm ) and the locations and number 
of bands reported varies from author to author depending on the polymer 
source or resolving power of the spectrometer used. Rubcic and Zerbi 
(123) state however that the two C-C1 stretching k=0 phonon bands of 
PVC occur approximately at 640 and 604 cm
JL_ MODEL COMPOUNDS FOR HFAD TO HEAD FVC
Meso-3,4-dichlorohexane (Fig.43, Table 9) shows a strong band at 
640 cm' 1 in the liquid phase and at 653.5 cm" 1 in the matrix phase with 
a corresponding weak band at 655 cm" 1 in the liquid Raman. These values 
are in agreement with those values obtained by Horhold et al (134-135) 
for the tnjan* conformer indicating this to be the predominant form in
135
Fig.43 Spectra of meso-3,4-dichlorohexane
(a) liquid infrared
(b) liquid Raman
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Fig.44 Spectra of d&-3,4-dichlorohexane
(a) liquid infrared
(b) liquid Raman
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Fig.45 Spectra of meso-2,3-dichlorohexane
(a) liquid infrared
(b) liquid Raman







































































































































































































TABLE 11 CONTINUED 
MATRIX LIQUID LIQUID R/W4
Wavenumber Relative Wavenumber Relative Wavenumber Relative
cm-1 Intens cm-1 Intens cm-1























Fig.46 Spectra of meso-A^-dichlorohexane
(a) liquid infrared
(b) liquid Raman
























































































































































































































TABLE 12 CONTiNUED 
MATRIX LIQUID LIQUID RAMAN
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both the liquid and matrix phases. The d,l analogue of meso-3,4- 
dichlorohexane (Fig.44, Table 10) gave rise to two strong bands in this 
region in both the liquid infrared and liquid Raman spectrum at 638 and 
591 cm and 625 and 602 cm" 1 respectively. The matrix spectrum 
however, had only one strong band in this region at 655 cm" 1 . The two 
bands associated with the liquid spectra are assigned to the isianA and 
gauche, conformers with the higher frequency band assigned to the island 
conformer. The presence of only one strong band at 655 cm" 1 in the 
matrix phase indicates the presence of only the isLcunA conformer which 
like the meso derivative appears to be the low energy stable form at 
cryogenic temperatures. As stated previously the matrix spectra were 
of relatively poor quality and as such annealing studies carried out 
contributed no extra information on any conformational equilibria.
The study carried out on meso-2,3-dichlorohexane (Fig.45, Table 
11) again revealed two strong bands in the liquid phase at 680 and 642 
cm" with one strong band in the matrix phase at 658 cm , while the 
Raman spectrum consisted of two main bands in this region at 690, 650 
cm" 1 . The presence of two bands in the liquid and Raman phases and only 
one in the matrix phase indicates a similar behaviour to that observed 
for d,l-3,4-dichlorohexane in that both the tsiaru> and gauche, conformers 
may be present at room temperature while only the lower energy 
conformer is present at 8 K. The spectra obtained for meso-4,5- 
dichlorooctane (Fig.46, Table 12.) revealed only one strong band in the 
liquid phase, occurring at 642 cm" 1 , and one strong band at 656 cm" 1 
in the matrix. This indicates a similar behaviour pattern to that 
observed for meso-3,4-dichlorohexane in that there is only one 
predominant conformer at both room and matrix temperature.
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3. MODEL COMPOUNDS FOR HEAD TO HEAD PVBr
Studies carried out on the dibromohexanes and octanes yielded 
similar spectra to those obtained for the dichlorohexanes and octanes. 
Again frequencies associated with the C-X group are considered to be 
the most sensitive probes for structural information and as such 
the C-Br stretching region between 670-520 cm" 1 is studied in detail.
The matrix infrared spectra of meso-3,4-dibromohexane have three 
bands in this region at 670, 655 and 562 cm" 1 while the Raman spectra 
have three bands at 665, 645 and 530 cm" 1 , with no information 
for the liquid i.r. (Fig. 47, Table 13). The band at 562 cm" 1 in the 
matrix is assigned to the C-Br stretch for the tsiaiu conformer whereas 
the band at 530 cm in the Raman is assigned to the C-Br stretch for 
the gauche, conformer. The bands at 645 and 665 cm are therefore 
assigned to the £/iasi4 conformer. These results indicate the presence of 
both conformers at room temperature but with the predominant conformer
being Lnjjjn^ in the matrix phase. A very weak band appears at 537 cm 
in the matrix and is assigned to the gauche, conformer. These results, 
as for the chloro derivatives, indicate the low energy conformer is the 
LfianA form which agrees with those results obtained by Heublein et al
(136).
The matrix infrared spectra of meso-4,5-dibromooctane (Fig. 48, 
Table 14.) shows two bands in the C-Br stretching region at 564 and 558 
cnT 1 with three weaker bands at 655, 628 and 591 cm" 1 . The Raman 
spectrum has two strong bands at 645 and 620 cm" 1 with a weaker band 
at 592 cm" 1 and an even weaker feature at 527 cm . Correlation with 
the data obtained for meso-3,4-dibromohexane suggests that both bands 
at 564 and 558 cm' 1 are assigned to the tn.anA form, possibly in
149
Fig.47 Spectra of meso-3,4-dibromohexane
(a) liquid infrared
(b) liquid Raman
(c) matrix isolation infrared
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Fig.48 Spectra of meso-4,5-dibromooctane
(a) liquid infrared
(b) liquid Raman
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Fig.49 Spectra of meso-2,3-dibromohexane
(a) liquid infrared
(b) liquid Raman
(c) matrix isolation infrared
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different sites, whereas the weak band at 509 cm L is assigned to the 
gauche, conformer. The band at 655 cm~ in the Raman spectra is assigned 
to the tnaru, conformer and the band at 592 cm"1 assigned to the gauche. 
form. The ratio of these two bands gives some indication of the 
percentage of the two forms present in the liquid phase.
Finally for meso-2,3-dibromohexane (Fig.49, Table 15) the Raman 
spectrum contains three bands in this region, occurring at 655, 630 
and 580 cm"1 . The strongest band at 630 cm"1 is assigned to the LnarLA 
conformer with the much weaker band at 580 assigned to the gauche. 
conformer the strongest band in the infrared matrix occurs at 561 cm" 1 
and is therefore assigned to the Ltan^ conformer.
4. CONCLUSIONS
These results suggest that at room temperature for both the chloro 
and bromo meso compounds the predominant conformer is iA.aru> whereas for 
the d,l derivatives there is a greater contribution from the other 
species. These results are in agreement with those obtained by 
calculations using semiempirical potential functions and those obtained 
by nmr (136-137). This analysis has only considered the main bands 
found in the C-C1 and C-Br stretching regions corresponding to the two 
main conformers found in the liquid state. These conformers result from 
rotation about the two carbon atoms containing the halogen 
substituents. Several other weaker bands may be distinguished (Tables 
9-15)corresponding to the other conformers as a result of rotation 
about the other axes. The results reported here indicate that matrix 
studies of these relatively large molecules may not produce 
sufficiently good information for a conclusive study of conformational 
behaviour within this class of compounds without further development of
159
the deposition system outlined here. Further studies to elucidate 
conformational information for these compounds may be more effectively 
obtained by variable temperature infrared studies.
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